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PREFACE TO THE FIRST EDITION 


This book is written according to the Intermediate Syllabi of 
Physics of different Indian Universities. The book has a special re¬ 
commendation, inasmuch as it is neither too bulky for a student of 
average merit, nor too meagre in its information for an inquisitive 

student. 

The subject matter herein has been treated in a systematic way 
and in a simple and clear style with ample illustrations and expla¬ 
natory diagrams. A sufficient number of Experiments, a Summary 
at the end of each Chapter and Exercises containing Questions of 
different Universities with direct reference to the Articles form some 
special features of the book. Numerous problems of different types 
put herein will make a student independent of any separate book on 
Examples. Articles marked with asterisks deal with more advanced 
portions and may, therefore, be omitted at the first reading. 

We take this opportunity to express our gratitude to I rot. Kajani 
Kanta De, m.a., of the Scottish Church College. Calcutta, who has 
very kindly given us permission to use some of the blocks prepared 

for his well-known books on Physics. 


Calcutta, 
June 25, 1936. 


N. Basu 
J. Chatterj eb 


preface to the third edition 

In this Edition the book has been thoroughly revised and at some 

places re-written. * 

* * * * 

We again cordially thank the colleagues and students for then- 
kind appreciation for the book. 

Calcutta, \ J. Cuatterjee 

December 12, 1938. 1 

PREFACE TO THE FIFTH EDITION 

I have often felt tired to read a book more than once simply 
because I should have to swallow the same language. To read the 
■proofs’ of the Intermediate Physics upto the Fourth Edition. I 



even more tired. I have, therefore, thought it worth while to re¬ 
write a considerable number of Articles in a simpler language and 
embody a few additional subjects maintaining the systematic deve¬ 
lopment of ideas as much as possible. Modem practical applications 

and principles of Sciences have been dealt with in the last Chapter 
of each Part. 

* * * * * 

Prof. Basu, although much better in health than last year, has 
not been able to resume his sendees and co-operate with me in the 
modification of the book in this edition. I hope, he would be fit in 
a short tune. One of the principal causes of delay in publishing the 
book every year is that I am to work for this voluminous book single- 
handed. In conclusion, I should thank sincerely the patrons of our 


Calcutta, ( 
August 14. 1941. i 


J. Chatterjee 


PREFACE TO THE ELEVENTH EDITION 

In this Edition, the book has been thoroughly revised, many old 

fn'- ine S 77 n? t" SCd and a S °° d lot of ,,e ' v digrams includ- 

Gmvit t . I ; ne haVC becn added - Chapters including 

GraMtation, Elasticity and Hydrostatic Pressure have been modified 

tstr'r to : he ’' ecent d ' ve, ~* ^ *—00 £ 

' ln . Aer ° ,,aU “ cs ’ «" 'Additional Chapter in General Physics 
dyuamicT. dca ' ing " ith f'"ulamenlal ideas in Aero- 

To simplify ideas regarding the formation of images in spherical 
nors and lenses and their combinations, a number of new dia- 

7 : l' aV 7 7 tmhodied - Sol'orical aberrations due to reflection 
Short tet'r 7 a ;: e beCn deaU "■ ith “ » most elementary way* 

ketches of lives of a few Scientists with half-tone blocks have 

expressing my indebtedness to m, ^eag^^ST^ ° f 

«ho have always given me suggestions for the moh^ on 7 77 
book. I am also thankful to Mr. P. K Mondal for 1 * 

to make out the new blocks. r ?,C!p,ng me 

Calcutta. 

May 25 


cutta, 1 
, 1949. ( 


J- Chatterjee 
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PREFACE TO THE FOURTEENTH EDITION 

Although quite a lot of additions and alterations was made in 
its previous Editions, some other subjects of interest such as Utili¬ 
sation of Water and Air powers, Speedometer, Vacuum Brakes etc., 
have been embodied in its latest publicity. Questions of many 
Indian and Pakistan Universities, set in recent years, have also been 
incorporated,—some as solved problems and some as Exercises. I 
have every confidence that the modification of the Book, especially 
during the last two editions, has given it a suitability for its recom¬ 
mendation as a Text Book for Intermediate students of any Indian 
or Pakistan University, despite the fact that it was a text book of 

a few universities in its earlier editions. 

I would always remain ever grateful to my friends and col¬ 
leagues both far and near, without whose sympathy and co-opera¬ 
tion the Book could not have run through fourteen editions. Their 
kind and helpful suggestions have made the Book as it appears 
today. Last but not the least, the students all over the country 
have esteemed my efforts best in their choice and to them I offer 
my affectionate thanks. 

Calcutta, 1 J. Chatterjee 

June 26, 1953. j 

PREFACE TO THE FIFTEENTH EDITION 

In this Edition, the text of th = Book remains almost the same 
ns that of the previous edition except that some modification has 
been made in the First Chapter of General Physics. There has 
been a thorough change in worked out Examples and the latest 
University Questions of many Indian and Pakistan Universities 
have been embodied. I take this opportunity of offering my heart¬ 
felt thanks to my colleagues, distributed throughout India and 
Pakistan, who never grudged sending me suggestions for all sue i 
modifications embodied herein. 

} 


Calcutta, 
July 27, 1954. 


J. Chatterjee 
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Suppose that you are required to measure the surface area of a 
rectangular metal sheet. First measure the length of the sheet a 
number of times by any suitable apparatus and find the mean length. 
Let it be x cm. Then measure the breadth of the sheet in a similar way. 
Let the mean breadth be y cm. Then the area of the sheet is * * 1/ sq- 
cm. If again you are supplied with a circular sheet, measure the 
diameter of the circle at several regions and find the mean diameter. 
Half of the mean diameter is the mean radius r cm., say. Then the 
area of the circular sheet is 3 14 x r® sq. cm. (as n "3 14). 

Area of Irregular Surfaces.—The area of an irregular surface 
may be obtained by dividing the surface into suitable areas in the 
form of triangles, rectangles, or circles and then by adding up the calcu¬ 
lated areas of the parts. 


By Squared Paper .—The area of a small irregular surface may 
be determined by placing it on a piece of squared paper, tracing the 


outline and counting the number 
of small squares included within 
its boundary. If half or more than 
half of a square lies inside the 
surface, it is taken as one whole 
and if more than half lies outside, 
that one is neglected. The area 
of each square being known, that 
of the required surface is readily 
obtained. 

An irregular figure has been 
traced out on a graph paper (Fig. 

14). To find its area, it is divided 
into as many rectangular figures 
as possible, eg,, PQSR and ABCD. 

The remaining inregular regions, pig 14 ._ Measureme nt of area 

such as AirK, , xj 

and CZA together with the two rectangular parts and make up irregular 
figure. Now, the area PQSR - 65 squares. Similarly, area ABCD - 224 
small squares; part APR-12, QSB-5, BXD-25, CYD-J1, 
CZA -17. Hence the total area is the algebraic sum of the number 
of squares i.e., 370. If the area of each small square be one sq. mm., 
then the total area of the figure is 370 sq. mm. 



The area of any extended surface, e.g., that of a country, can be 
determined on this principle by drawing to a scale a map of its 
boundary on a piece of squared paper. The usual method of measur¬ 
ing the area of a large tract of land is by Trigonometrical survey (vide 
J. Chatterjoe’s Practical Physics). 

By Weighing - The figure whoso area is to bo found is drawn accu¬ 
rately on a thin uniform sheet of cardboard or metal plate. The figure 
is then very neatly cut out of the sheet and weighed accurately in a 
balance. From the same sheet a triangular or rectangular area is cut 
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out and ifes weight is also measured. Then since the sheet is uniform, 

area o f t he figure — weig ht of fi gure_ 

area of rectangle weight of rectangle 

Hence, area of figure “ ^elSt ofrec’tMg'le * area of r0ot!>n 8 l0 - 

Knowing the area of the rectangle from its dimensions, the area of 
the figure can be calculated. 


10. Measurement of Volume.—The volume of a-solid of a regular 
form can be determined from the following relations :— 


Volume of a Parallelopied 

Cube 

Cylinder or Prism 
Sphere 

Pyramid or Cone 
The volume of liquid can be 


11 


>1 




11 


II 


11 


11 


= length x breadth x height 

— length 8 

— area of one end x length 
“ -£*■ x radius 3 

b 8 x area of base x perpendicular height. 

e . *— -measured with a graduated cylinder 

or na3lr. Fig. 15 {a) and ( b ) represent two typeB of cylinders graduated 
in cubic centimetres. Fig. 16 is a flask, the capacity of which is mark- 
ed on its body. The liquid is poured ioto the cylinder and the upper 
• * ^ ul is roari. This given the volume of the liquid in 

units marked cn the v CbS el. Fig. 17 is a burette and is used when 
a measured quantify of a liquid is to ba poured into a vessel. 

Volume oF irregular Solid.— Tho volume of small piece of solid, 
ltifgul.u' or regular, cau lie deterraiufj-1 as given below. 



(«) (&) 

Fig. 15 

By Displacement of a Liquid.—A 


Fig. 16 
liquid which 



Fig. 17 
do c s not 


corrode or 
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dissolve the solid is taken in a graduated cylinder (Fig. 18) and the 
position of the liquid level is carefully noted. Suppose that original 
level is at A. The solid is then completely immersed in the liquid 
when the level of the liquid is found to rise. The position of the 
meniscus is noted again. Suppose that the Dew level is at B. The 
difference of the two readings gives the volume of the solid. 

By Weighing— The volume of a solid can be determined by a 
method based on the principle of Archimedes. (Vide Chap. IX). 



11 Measurement of Mass. —The mass of a body can bo 
determined by weighing in a balance. Every body has seen a grocer s 
balance and how he uses it in weighing a substance. It consists of a 
straight uniform rod. called the beam, from the end of which two 
identical pans are suspended. The beam is pivoted at its middle 
point so that with empty pans, the beam remains horizontal when 
suspended. The substance to be weighed is placed on one pan and 
standard weights are placed by trial on the other pan till the beam 
becomes horizontal. Then the mass of the weights is equal to the 
mass of the substance. Such a balance is not sensitive to very 

light objects. . , . ... . . 

Common Balance.—The common balance is one of the contn- 

vances for comparing the passes of different bodies. The masses 
which are used as standards of reference are called weights. Ihe 
essential parts of a common balance are (Fig. 19) . 


18 Fig. 19—Physical Balance 

(1) The beam B.—It consists of a horizontal metal rod, capable of 
turning freely about a sharp steel or agate knife-edgej at the middle, 
called the fulcrum. The sharp end of the kmhhrfjo rests on, email 

(2) The Htirrups or pan supporters a.b. These rest ™ ® de ® r ™“ 

knife-edges. In the better type of balances, those 
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agate pieces attaohed at the lower aide of the stirrups. These are 
furnished with hooks from which the pans are hung. The distances- 
from the fulcrum to the centre of gravity of the stirrups are called 
the arms , which should be equal. 

(3) The scale pans SS, on which standard ‘weights’ and bodies 
to be weighed are placed. 

(4) The pillar D, to support the beam when at rest.— 

This is a vertical rod which can be raised or lowered by a key 
K at the base, when required. The pillar has an agate plate at the 
top upon which the central knife edge of the beam rests. 

(5) The pointer P.—This is attached at its upper end to 
the middle part of the beam and the lower end can move freely over 
a graduated scale, G attached at the bottom of the pillar. When the 
beam is horizontal, the pointer should be vertical and it 9 lower end 
should point the zero mark of the scale. 

(6) The arresting arrangement.—When the balance is not ia 
use, the pillar supporting the beam is lowered so that the beam now 
rests on another support, the under-surfaces of the pans just touching 
the base-board. Thus, the knife-edge at the centre of the beam does 
not always re?t on the agate plate and so its sharpness is preserved. 

At- each end of the beam there is a screw, by working which the 
effect, ivo weight on each side can be altered through a small range. 
'J.lie base of tlis instrument is provided with levelling screws whereby 
Ihci pillar is made vertical and so the beam becomes horizontal. The 
plumb line, L indicates the correct adjustment. Weight Boxes with 
standard ‘weights’ are supplied for weighing. A delicate balance for 
nn;.r weighing has various other parts and is always kept within a 
gh;ss case to prevent blast of air causing disturbances during an opera¬ 
tion of weighing. 


A body to be weighed is placed on the left pan and by trial various 
weights are placed on the right pan to counterpoise the body. When 
equilibrium is obtained the balance beam i6 horizontal and the pointer 
rests vertically downwards. The mass of the ‘weights’ placed on the 
pan is then equal to the mass ol the body. [For further details regar¬ 


ding 


a balance and weighing, vide Chap. IVj 


uleusurement of Time.—The earliest method of reckoning 
tl, ° cf u ' e d *y was done by means of the Sun dial. It consists 

o! n nouz.mtal platform containing a dial on which graduations from I 
to .III arc marked as in a clock (Fig. 20). A stick or a plate is fixed 

. , ... . - » sun in course of a dav 

“o;* tor ,°“ sh tbe * k y-‘ be of the Stick is thrown oil round the 

shek m different positions. When the instrument is properly placed, 
the mark on which the shadow la cast at a particular time reckons the 
hour of the day. A sun dial can be used only during a. sunny day. 

The graduations on the sun-dial arc in b.-m- , a . 

measured with ite help to an accuracy of o minutes. The ed“e “f bhe 
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Bhadow is just over the graduation 9 on the west side of the plate as 
shown in the figure. This means that the time is 9 A.M. at the parti- 



Fig. 20—Sun-dial Fig- 21 —Sand-glass 



Fig. 22—Stop watch]} 


cular instant. To measure smaller intervals clepsydra or water clock 
and sand glasses were constructed by ancient people. 


Fig. 21 represents a sand-glass which consists of two similar conical 
class bulbs B, B connected together by a narrow neok C. Some quantity 
of sand is put within the vessel so that the sand ordinarily occupies 
the lower bulb. On now suddenly inverting the vessel, the sand begins 
to trickle down through the neck and the whole of the sand is collected 
within the lower bulb in a definite interval. There are different sizes 
of sand glasses marking intervals of 2 minutes. 1 minute and 30 seconds. 

Tn 1583 Galileo discovered that the time of oscillation of a pendulum 
of a given length is always constant (Chap. IV) and in 1656, Huygens 
first used the pendulum to regulate the motion of clocks. The measure¬ 
ment of time is now generally done by watches and clocks- ihe 1 rst 
use of the coiled hair-spring in watches is credited to Robert Hooke in 
1660. A chronometer is a watch specially constructed so as to keep 
time with perfect regularity. A stop clock is a type of watch which 
can measure seconds accurately and which can be started or stopped 
whenever desired. A stop watch, constructed on the same principle, ■ 
a more precision instrument (Fig. 22) capable of measuring one-fifth or 
one-tenth part of a second. The metronome is a mechanism run b 
clock-work and is used to mark time at regular intervals. (\ido-J. 
Cbatterjee's Intermediate Practical Physics). 

A reed or thin metal atrip can vibrate a large number of times per 

second and that the period of a single v.brat.on is quite 
vibration of a reed can be utilised to measure an interval as small as 
ono-hundrodth or one-thousand part of a second. In recent times scieu- 
tists have found that ovenoncthoueaud part-of a second » 

ST beep pace with such appara- 
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tua, electrical instruments have been devised which can measure one- 
millionth part of a second with a sufficient accuracy, (.vide part on 

Electricity). 

13. Units of Angle.—The idea of an angle is obtained when 

one straight line rotates by 
some amount about a point on 
it. Let a straight line AB 
rotate about the point O on the 
plane of the paper and occupy 
the position CD. Then any 
two points P and X on the 
straight line AB would trace 
out two circular arcs PQ and 
XY about the common centre 
O. If the lengths of the arcs 
PQ and XY as well as the distances OP and OX are actually measured, 
then it would be found that, 

are PQ a rc XY 
"PO “ XO 



T'nit *bov;B ■.Lat for a given rotation of the straight line, any arc 
p ; ,ie by a voii t or. it divided bv the distance of that point from the 
. ;>r. 'oi fc-tatico is constant. Therefore the ratio of the arc to the 
corresponding oirtanoo from the centre is a measure of the angle. This 
sysvo-n measuring in angle is called a circular measure. According 
to this ^yttem the unit of aegie is oallod a radian, which is defined 
ta he i-ho ungW subtended at the centre by a circular arc of length 
oqii'.i to the radius. To express an angle in terms of radian, a circular 
s.rc is drawn with the apex of tne angle as centre and with any radius. 
The tingle m radian is given by the quantity, 

length of the arc 
length of the radius 


Iic-nuf'hb of the curoumferenoos and diameters of various circles have 
l . : e-rtiully measured ard it has been found that in each case the 
u.i o o the i rijj!tii oi the circumference to the corresponding diameter 
of r ;».:••• eh.cue i- const-ant, having a value of 3‘1415 correct to fourth 
pb.oe of rn.nv.is. This constant is popularly designated by the Greek 
lo-i-.r r* ..enunciated as pie, 


Thus, 


circumference of a circle 
diameter of the circle 


3*1415... 


or, 


circumf erenc e 

radius 



oircum fore nee — 2^ x radius. 


When a straight line makes one coinp&te rotation about a point on 
it on the plane of the paper, any other point on the straight line moves 
over a complete circle with tlio dxed point as centre. The number of 
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radians for one complete rotation of the straight line must then he 
equal to, 

len gth o< the circumference = 2n = 6 2 830... 
length of the radius 

Another unit of angle is defined by dividing^ the 
of a Circle into 3 60equalarc9 . ® he le subte nded at the 

any arc is called a degree. 1 180 de0ree9 and that by ane quarter 

o^a^ircle?^aUed^righ^anoiefcontains OO degree. The multiple and 
submultipTe of a degree are the following. 

1 Right Angle -90 degrees (90°> 

1 degree (1°) - »<> minutes (60'» 

1 minute (l'l =60 seconds (60") 

Since the circumference of a circle subtends an angle of 2* radians 
at its centre and also 360 , 

2 n radians =■ 2 nC — 360 

- 1 a; ^—57°17'44*8" 

. . 1 radian = 1 - 2 * 6*2830 

14. Measurement of Angle. -The appsratns, most commonly 

employed to measure an angle 
is called a protractor. It con¬ 
sists of a semicircular piece of 
metal, divided on its circum¬ 
ference into 180 equal parts, 
each called a degree (Fig. 24). 

The scale is graduated in 
both directions. The lower 
straight edge of the protractor 
forms the diameter of the 
semicircle having the centre 

at O. Protractors supplied in graduated with divisions of 

ordinary mathematical instrumen b protractors having * or 

a degree, but there are more precision types oi P 

^ degree as the smallest graduation. 

In order to measure the angle between two rtraight ^nes OA am 

OC, place the protractor with its stra.ght edge 1^ ^ ^ circular 
OA and the angular point to coincide • . This gives 

scale just at the point through wh.cb OC^ emerges out^ Th.. ^ 

the angle AOC in degrees. I • P . f h lino Q f the 

Stt&ESSStZ ~ -- 1 - - 

the L AOC iB 45 
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Where greater accuracy is needed to measure an angle, an angular 

vernier is used in conjunction with 
a degree scale. The apparatus con¬ 
sists of a degree scale 00 with its 
centre at B. Just along the side of 
this scale, another auxiliary vernier 
scale A slides about the common 
oentre. This vernier scale is graduat¬ 
ed in such a way that a certain 
number n divisions of this scale are 
equal to «—1 divisions of the main 
scale. The vernier scale is then 
capable of measuring 1/n part of the 
main scale. If the main scale is 
graduated in degree, then this angular 
vernier can read upto 1 In of a degree 
(For details vide J. Ohatterjee’s In¬ 
termediate Practical Physics). 



Fig. 25 


15. Dimensions of Physical Quantities.— It has been stated 
(Art. 4), i-l.at th. re are three fundamental units, independent of each 
other. Those are unit of length, unit of mass and the unit of time, 
couxu:..•. 1 y i-l.brevifl.ted by letters L, M and T, Other derived units 
bear won-? relations with the fundamental units. Such relations are 
calico: tliu xieitensions of those derived units. Since all physical quan¬ 
tities are expressed in terms of derived units, they have also certain 
dimensions. 


When we say that a rod is 3 feet long, we refer to the dimension 
cl length and express it in F. P. S. system as a length of 3L (F.P.S.). 
Again ir we say that a body has a mass of 15 gramB, we refer to the 
dimension of mass, which is equivalent to 15 M (C.G.S.). Similarly 

2QT me;.. us 20 seconds on both the systems. 


'-’lies of u.!v. are in any system obtained by the product of length 
and hi i Since both length and breath have the dimension of 
Icng'h, i;.. i must have a dimension of L * L or L*. Similarly, a 
xolum ne t a dimension of L”. Thus 35L a (C.G.S.) means 35 cubic 
C nth..'.-..ves. An angle in circular measure is expressed by the ratio 
of i n it: c length and radius. Both being units of length, one radian 
ban the dimension of L/L* 3 L°. Thus an angle has no dimension. As 
vm. ; u subsequent Chapters, would come across various derived units, 
wo should establish various relations which L, AI and T bear with 
such units. It is to be noted that *u qd equation between two quanti¬ 
ties, the dimensions of the various terms in the equation must be the 
same. This serves two purposes ; (i) It indicates whether an equation 
is properly stated or not. (ii) Jt furnishes a means ai finding the 

dimension of a physical quantity whose relation to the fundamental 
quantity is not clearly known. 
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[Student, are required to remember theMto-tag couversiou factors 
to work out problems dealing with reduction of units.] 

British into Metric Conversion Factors. 


British 

1 inch 
1 foot 
1 yard 
; 1 mile 
i 1 sq. in. 

1 cu. in 


Metric 

2'54 cm. 
30*479 cm. 
"9144 metre 
1*6093 km. 

6 451 sq. cm 
16 386 c. c. 


British 

1 cu. ft. 

1 gallon 
1 pound (ftV.) 

1 grain 
1 ton 

1 Indian Tola 


Metric 

28*8158 litres 
4*546 litres 
453*593 gin. 
0648 qm. 
1016 kgm. 

12 cm. 


ARISTOTLE (384—322 B. C.) 

There is uo record of any mao. Teethe tme ot 

■the material world from a scien * Stageira’ in Macedonia. His 

Aristotle. He was born in 384 B. - “J tQ both the grandfather 

{ather was a physician and a medica d in his eighteenth year, 

and father of Alexander, the Groat. A t connec tecl with Plato. 

came to Athens as a student an . J { thafc time. Soorates 

the greatest exponent o 1 fche pre-Christian era, taught the 

the greatest comprehensive thmke t P that matters to him 

whiih ‘^ht (^'knowledge hy digging the vast muter,nl 

storehouse of the »°rld^ as ^ private tutor 0 ( Alexander 

Aristotle was engaged for thre S J out on his career of con- 

the Great in his boyhood and {Qr the noxt twelve years he spent 

quest, Aristotle returner Lyceum. Here he developed his phi lo¬ 
in establishing a school callo until practically the whole of the 

sophy of arguments .ml ^^‘teUtise itself. After 

then known knowledge of t a con8p i ra cy against the life of 

the death of Alexander, the q bea ith broke down 

Aristotle, who retired to Cha cis in - ££ e got to work out earliest 

seriously and he died the H ‘ algo classified animals of tho 

theories of light and gy av ; fcat ‘°°* j id t he foundations of physical 
earth and many of the plants and thus laid 

sciences for all time to come. 


Summary 

Fundamental and Derived ^thesc unit, 

length, mass and lime. AH other un.ts may 
and arc therefore termed derived, unite. 
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System of Units.— (1) The F. P. S. system (2) The C. G. S. system. The 
units of length and mass in the former system are the foot (ft.) and the pound 
(lb.) and in the latter are the centimetre (cm.) and the gram (gm.) ; the unit 
of time in both the systems is the second. 

A length is measured under different circumstances by (i) the metre and diagonal 
scales ( ii) the measuring tape, (it *) the simple callipers, (tv) the slide callipers, (v) 
the micrometer screw-gauge and (vi) the spherometer. 

A mass of a body is measured with a physical balance. 

Time is measured by clocks and watches of various types. 

Angle is measured in two different units in radians and in degrees. 


Exercises on Chapter I 


Reference 
Art. 4 


A ■.•ry. 

6 a 

Art. 7 
Art. S 



ft 


A-f. 


Art. 10 

Art 1 f» 


1. Name the systems of units commonly used for the measure¬ 
ment of Physical quantities. Which of thum is more convenient and 
why ? 

Explain with examples what you mean by fundamental units, 
derived units and practical units. 

2. Define mass, volume and density; state the relation that 

exists between them. [C. U.—1020; Dac. U.—1939} 

i. What do you mean by an apparent solar day and a mean solar 

i o 
( 0 / 1 / ? 

•1. Give the principle ol a vernier and explain its working. Each 
division of u main scale is 0-5 mm. 0 divisions of the main scale are 
equal to 10 divisions of the vernier. Length of a cylinder is measured. 
The readings are: 78 divisions of the main scale; and the 6th division of 
the vernier coincides with a division of the main scale. Calculate the 
length of the cylinder. 

A. ih!>3 cm. [Del. H. S—1953} 


5. Derive the formula, It = 



— for a spherometer. The 


•vs cf a spherometer occupy the corners of an equilateral triangle of 
,-ide 4 cm. When placed on a plane surface, the reading is 1 mm. and 
on concave surface, it is 2 mm. Calculate the radius of curvature of 
Hi ■ surface. [Anna. U.—19513 

A. 13-4 era. 


0. Describe a spherometer and explain carefully its use for mea¬ 
suring the radius of curvature of u spherical surface 

[U. P. B.—1948, ’53] 

7. How will you find the volume of a solid of irregular shape? 

[C. U.—1917, DO; Dac. U.—1932] 

S. What is meant by the dimension of o physical quantity? 
What is its utility ? What are the dimensions of density and velocity ? 


CHAPTER II 

MOTION 


16 Position and Reference Co-ordinates.--In our every day 
life we describe the position of any object or a locality by its direc ion 
and distance from some other object of reference. For this P u 'P ose 

choose four standard directions as east, west, north and south. The 



Tmi/ 27 —Rectangular Co-ordinates 

FiK 26 — Cardinal Directions \ ^ 

object of reference, may be K 

that the school 18 Jt ( Fic 2 S), the Post-Oflice stands for the 

north-east of the Post-Oibce O, ( G- j irection an d half-a-milo is the 
object of reference, north-east gives th ^ ^ 8choo l building by it* 

distance. Thus we specify the pos also by the north- 

distance OB. which iBhal-a^milem t he post office, if we know the 
easterly direction, we can easily determine 

cardinal directions (Fig. 27). find tfae c0 . ort ]i„ a tes of any point 1 

origin O of the co ordinates. the two lines are 

cn the graph paper, the distances^of this pomt^iro^ ^ ^ 

measured in terms of the units c determine the dis- 

OY. These co-ordinates .which.are, «^’ n meu8Uring .and 

tance of the point from the refe e *» ig j n j 9 known, which 

V, the actual distance OP of the point from he or.gm aud 

iB ; further we can also aw. 

determine in which direction the po 
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17. Rest and Motion.—A body is said to be at rest , when it 
does not change its position with respect to some point fixed in 
space. It is said to be in motion, when it changes its position with 
time. So motion is a change of position with time with respect to some 
reference point. Absolute rest is the complete absence of motion. This 
is beyond our idea, since the earth and all other planets are continually 
revolving about their respective axes and also each moves round 
the sun in its own orbit ; while the sun itself with all the planets 
is moving through space among the stars. The stars are found to move 
with respect to one another. Absolute motion of a body is its motion 
with respect to a point absolutely fixed in space. But as no such 
fixed point is known to us, absolute motion is not practically available. 


A body may then be in a state of relative rest or relative motion. 
A body is said to be at rest relative to another body, when it does not 
change its position with respect to that body ; and it is said to be in 
relative motion with respect to a certain object, when it changes 
its position with respect to that object Thus, a man seated on the 
bench of a running train, is at rest relative to the bench or the window 
of the train, although he is in relative motion with respect to a mile 
post near the rail-road. Again, if two persons are cycling side by 
side at the same rate and in the same direction, they appear to be 
at rest with respect to each other, although each is in raotiop with 
respt ot to a man standing near by. We usually refer the motion of all 
terrestrial bodies with respect to anything fixed on the earth. 

Nature of Motion.—The motion of a body may be either traosla- 
iory or rotatory or both. Tr,inflatory motion may again be subdivided 
into rectilinear ;.nd curvilinear motion*. 


A body is said to possess a translator^ motion when a line joining 
tiny two points on the body remains always parallel for all positions of 
_ the body. In Fig. 28, a body is shown 

* C*) to move a direction shown by the 

1 b‘-S * urrow head. Any two points, say a, 

—--■*'- 'V^sr and c are taken on the body at its 

iuitial position. In the displaced posi- 

lhg. aH Rectilinear Motion tion the corresponding points are x, 

and 2 . If the straight lice joining 
point 3 a and c in parallel to the straight line joining x and z in the 
diepkced portion of the body and if the path of motion of any one 
point of the body bo straight, the type of motion is called a rectilinear 
motion. A stone falling down from a height or a train running on a 
straight track is an example of such motion. 

When the motion of the body takes place over a curved path in 
eooh a way that any line drawn on the body remains always parallel to 
its original direction, it is called a curvilinear motion, in Fig. 29, a 
body is moving in the direction of the arrow head. The path from 
EtoF is rectilinear but tbo path FGHI is on a curve. The vertical 
line Ml remains always vertical irrespective of its position along the 
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direction of motion. The motion of the arm chairs of the vertical merry- 
go-round in fun fairs, is an example of a curvilinear motion. 

A body is said to have a rotatory motion, when any straight line 
taken on it moves about a fixed point or axis. Fig. 30 repreeen s a 
solid wheel rotating about its axis AA. if we consider a point B, on the 



_ *i* Fit/. 30—Rotatory Motion 

Fig 29— Curvilinear Motion b 

wheel at any instant it will bo found to 

instant. By joining the successive P an anfile BQC a t the centre 

and C. we get an arc of a circle s g the ce ntre by an arc made 

S^Yu 3S5T-3» ManV: "o the same line in the 
initial state of the body. . 

The motion of a body -ay ofte^ ^^^oVon^ a‘cart 
Xeei^ In" on the ground’ or a planet round the sun. 
comprises both kinds of motion. 

18. Terms relating to Motion l ^ an(i s0 it ; 9 the 

ing partiole is its change o P positions. The displacement of 

distance between its initial and final pos, i Qp Di9 , )la00 . 

m A nnint P from tho origin ^ o’ ' • * 

measured by the distance passed d * eg Dot r6 f er to any direction. 

nt: « $ s-sjs 

a definite direction. Since T®*°? y h t f ght i in0 . Evidently speod in a 
tude, it may be represented by a . m0 ving body at any 

-definite direction is velocity. The v , during a small interval 

instant is measured by ‘ h ® . d “^ d b ‘ t bat interval. Speed and velocity 
containing that instant diviaea uy 

may be uniform or variable. ., . , 

Uniform velocity.-The velocity m'Top over equal distances in 
uniform, when it moves in a doflo ‘ “^““‘‘“tervals may be. When 

equal intervals of times, however small those interr a 
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uniform , the velocity is measured by the distance traversed in a unit 
of time. 

Fig. 31 illustrates a uniform velocity of a body ; a, b, c and d 
represent its various positions at intervals of one minute. Its rate of 
displacement is found to be 120 ft. for every minute. Therefore its- 
velocity is 2 ft. per second. Thus, is a body, moving with a uniform 
velocity v, passes over s ft. in t seconds, then v — slt ft. per sec. 

When a body does not move equal distances in eaual intervals of 
time, it possesses a variable velocity. In this case velocity may be 
measured at any given instant or an average velocity may be found 



120 f » 


120 Ft 


190 


Fig. 31—Uniform velocity 


during a given interval. The average or mean velocity of a moving 
body during any given interval is measured by the total distance passed 
over by the body divided by that interval. 


The distance may be expressed in any unit of length such as miles* 
yi'.rdci, feet, metres, centimetres etc., and the corresponding time may 
s-h-o he expressed iu any uuit such as hours, minutes, seconds eto. For 
example, if a body covers l miles in h hours, we may denote its average 


velocity as l h miles per hour or oven as 


/ x 1760 

j t £ qq yards per minute 


etc. 


But since the unit of length is accepted as a foot or centimetre and the 
uuit of time i second, it is customary to express the velocity as so 
many foot per second or so many centimetres per second. Thus a velocity 
of 30 mil -e an hour ia equivalent to a velocity of 44 ft. per second. 

Thy unit of velocity may bo defined as the velocity of a moving 
body 'vliicn travers-'.- unit length in a given direction in unit time, 
lieuco »n e !•. i J . stem, the unit of velocity may be taken as one 
root per if.cend and »n the C. G. S. system, it is one centimetre per 

secnr.:t sometimes abbreviated as cm. sec.~ l . 

Acceltfrati jin — The acceleration of a body is the rate of change of 
its .'e'ociiy i.c., the change of velocity per unit time. As a veloaity 
ha ' it.h m gnitudo aud direction, the change may take place either 
m oofcil or ,n oa « only. In the simplest case, the magnitude may 
connge, the direction remaining the same. Acceleration has thus 
direction .is well as magnitude. It can therefore be represented by a 
straight line. 


ior example, iet a body with continuously increasing velocity pass 
over a distance of 10 ft. in the first second (Fig. 32), a and b represent- 
mg the positions of the body at the beginning and end of the interval. 
Then its average velocity during the first interval is 10 ft. per sec. 
If again it passes over a distance of 15 ft. during the second interval. 
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its average velocity is 15 ft./sec. Thus the average velocity has been 
increased by 5 ft. per second. If this increase of velocity is maintained 
constant, it would pass over distances of 20 ft. in fci |e third_second. 
25 ft. in the fourth second and so on ; so the rate of chan e 



Fig. 82 —Accelerated Motion 

e initial vplncitv of 10 ft. per sec. Since the term per 

P6r -^nccnrsTwfce in stating an acceleration, for the sake of brevity it 
sec. occurs twice in swwug * Hore the acceleration is 

is written as that the body possesses an initial velocity 

Ttfhe™osit“n V olT5 ft. per second and at b ( of 12 5 ft. per sec, so 

that the average velocity between a and b is 10 ft., sec. 

Thus we find that for a body moving with a uniform acceleration. 

the velocities at the ends of successive seconds increase and are 

fore in arithmetical progression. . . 

In general, if ft and « are the velocities at the beginning and at the 
end of an interval t, the acceleration f is guen by 


/ 


V ~ U 

t 


( 18 . 1 ) 


thu - velocty and tin,c 

A body is to h.™ a .«it 

sac and in the C. G S. system, it is one cm. ? ,r 
egg P er sec. sometimes abbreviated as cm. sec. . 

Retardation.-—- to^ bc^efarfird 6 'MaUicrnRtically V 8peakiEiR^ retardation 
the motion is said to be . . • and , 8 expressed by putting a 

Negative*sign ZorTZ change in velocity taking place per unit ef time 

«■ Measurement of “ fn°a T.oJo 

of a body, wo are body requires to pass over a known distance 

interval or what time the y *... f., vour8 . Suppose that we are 
according as the experimental cond^tion^ours ^ PP ^ aro pl d 

to measure the spec > capable of measuring seconds. When 

and we are provided with a v we record t | 10 time in our 

our compartment just passes W p . tho t mdo p08 t. The 

watch and wait til the ^^ n nt £Tateh measure, the interval 
difference of the two readings i . 0 of ono mi i 0 . The distance 

required for the tram to pae train over a distance of one 

divided by time gives to mean speed [**? **'*£% by the side o' the 

mile. Wo can also find thespoyr *> Thon after a definite 

railway track at any instant of time by me e 
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interval, say, 10 minutes, we spot another mark. The distance bet- 
ween the two markB is then measured, which gives the distance- 
travelled in the known interval whence the average speed may be found. 

Measurement of Acceleration.—It is now evident that when a. 
body moves with an accelerated or retarded speed, the distances passed 
over by the body in successive intervals of time either continuously 
increase or decrease. Hence to measure an acceleration, the dis¬ 
tances passed over by the body at equal intervals are to be measured. 
Take the case of a railway train when it starts off from a station. 
The positions of the train are marked at intervals of say half a 
minute. . It will be found that the distance moved through during 
the first interval is less lhan that during the second interval. Tfie 
difference of these two distances gives the increase of velocity during 
half a minute. Hence acceleration is calculated. In actual practice 
observation is continued over a number of intervals and the average 
value of the acceleration is found. 

* • t « « . » . ^ case of a body moving in a 

straight line, the relations between the displacement, time, velocity and 
acceleration can be represented by some simple equations. These equa¬ 
tions were first worked oat by Galileo. 


Let initial velocity of the body moving in a straight line 
constant acceleration in the direction of motion 
final velocity acquired after a given interval t 
sj)ac6 described during the interval 

(t) .Motion with uniform velocity— If the motion is uniform, 
which means tout the body possesses no acceleration, then the body 

passes over n units of length in every unit of time and the total space 
deecnbed an interval l is given by 


• u 

—v 
— s 


,, „ . S ~ ut ( 20 , 1 ) 
{u, .notion with inform acceleration- Let the initial velocity of 
cho body ! e u. As it is subjected to a uniform acceleration /, the velocity 

v r? h -?‘ 5 V.“ cre «* 8 ^ in each unit of time by / and the total increase 

Hence the final velocity „ acquired 

'-‘J - hOi y bit.8f tbo interval t % 15 given by 

V = u + ft 


( 20 , 2 ) 




f- 


V - u 

t 


Acceleration — increase in velocitytime. 


body possesses a negative acceleration,/ will be a negative 
•.ud re expression would become, e 

v = 11 - ft 

{il ') To find the $ P ace bribed with a uniform acceleration— 
Velocity at the end of the 1st second ~n+f 

„ Wfl second eurlier than tbo last second ' 

i.e. at (< —l)th second — o - f 



--1 


o 
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(20,3) 


Vo o\c 

V 


<K 

\ 


Average velocity in each of these two seconds 

(u + /) + (y -JL - u4 ~ u - 

“2 2 

Velocity after 2 sec. from the beginning yi + V 
Velocity at 2 sec. earlier than the last sec. = v 2/ 

Average velocity during each of these two seconds 

(u + 2f) + ( v-2f ) a u + v - 

Thus, taking intervals in the 

the end the average ^^the 'acceleration is uniform, the body may be 

;ro°at a? th^y 8 i. then .*» by ._ 

M + « ^ , _U + U'Jl x t 

3 ~ — 2 

or + 

If the body bas a retardation/, eqn.(20,3i takes the form, 

s = ut — ift* 

From (20,2), «* - U +/«)" “ «* + 2 “/‘ + 

from (19,3), v‘-u‘ + 2fs - 

For a retardation f, eqn. (20,4) takes the form » « ♦ 

(in) Spare described .n any parfienfar seeond.-Let the space 

described in the i th. second be denoted by s, . 

Then s, - space passed in t sec. - space passed .n U 1) 

r/o- -(«t + ift’ , )-M t-1) + i - /(i U ! 

h , s , 

V) whence 2 

Special cases. — 

(i) If the body starts from rest, u ~°*_ 


( 20 , 1 ) 




4 V 

020,5) 



Then, u =ft ; s - \ft l \ v 1 “ 2/s *, St “ 2 




(ii) If the body has a retardation / (i.e. acceleration - -/> 


U* - 2fs ; St 


2 * - 1, 
M -2 ' 


<Q then v-u-ft ; s-ut-Vt* ; 

Examples :— , i , no ves under a 

1. A body starts with » vcl ^' ,l ^ ( J p in ™‘ (j) P \is velocity after 2 see. (ij) 

constant retardation of H ' a J >C (jli) what distance it moves before coming o 
after what time it will stop, ana > 

rest ? 


•\ 
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A. Here u = 45 miles per hour-= 66 ft. per second. 

/ = — 11 ft. per sec 3 . 

«) From i» = ti + /i.t> = 6«-llX* = 44 Jt. per second. 

(it) Let it stop after t seconds. Here 0 = 60 — 11 X * jgg ft 

(iii) Let the body move through s ft.; then a — 66 X 6 * X . 1 ? X . , . I 

2 A body moving with uniform acceleration and with an mitiaI ' el ° y , 

14 ft. per see "passes o'ver 8 ft. and then its velocity U 18 ft. 

acceleration^. _ accelcralion of the body. Its initial velocity is 14 ft./sec. and after 
passing over 8 ft. its final velocity is 18 ft. sec. Then according to the eqn. 
u 3 = a 3 + 2/s. 

18 3 = 14 s 4- 2/ X 8 whence / = 8 ft./se<r. . . . 

3 A bullet moving at the rate of 200 ft. per second is fired into the trunk of 

a tree into which it penetrates 9 inches. If the bullet moving with the same velocity 
were fired into a similar piece of wood 5 inches thick, with what velocity would it 
emerge, supposing the resistance to be uniform? Utaj. u. ivooj 

A. The striking velocity of the bullet is its intial velocity and its final velocity 
being zero after moving through a distance of 9 in. == 5 ft. through the trunk. 
Hence the retardation / of the bullet is obtained from the relation, v — v? — Zja. 

8 X 10* 


0 3 = 200 : — 2/ X 3 whence f ~ 


ft.sec 3 . 


Retardation being same in a similar piece of wood S in = ft. thick, for its 
final velocity a similar equation will hold. Tims, 

V 2 = son* — 2 X R —— X whence v = 133 ft./sec. approximately. 

«i 

4. A body, starting from rest, travels 150 ft. in 8th second. Calculate the 
acceleration assuming it to be uniform. (P- ^ 1951 ) 

A. Space moved over in 8th second = Space moved over in 8 seconds — that in 
r < seconds. Now soace covered i? 8 seconds, assuming / to be acceleration, initial 

velocity being aero, is given by, 

,- > = 0 + 4/XS s = 32/‘ 




Similarly space covered in 7 sec. is given by, 

* = 0 4- If X 7* / 

But *1 — 6-2 = 159 ft. — 32/ / whence f = 20 ft. per sec 3 . 

5. A body starts from r« st and travels for 6 seconds with a uniform acceleration 
of * ft. per see’. It then continues to move for 16 seconds with the unform velocity 
acquired. A uniform retardation of 2 ft. sec. 3 is then put to the body which finally 
comes to r. st. Lind lhe total distance the body has travelled before it comes to 
rest-. 

A. The :-p.'ce described in the first 0 seconds = 4 X 4 X 36 = 72 ft. 

The velocity acquired at the end of this period = 4 X 6 =r 24 ft. per sec. 

The r.prme described in the next 16 seconds = 24 X 16 — 3S1 ft. 

La tlm bndv before it comes to rest travel through ft. 

Then from V = i? + 2 fa, 0 = 24* — 2 X 2* whence a = 144 ft. 

V The total space described = 72 4- 384 4- 144 = COO ft. 


21. Vector and Scalar Quantities.— Any physical quantity 

which has got a magnitude only and is subject to ordinary arithmetical 
laws, is called a scalar quantity. Thus, if a man, woiks for 5 hours 
in the morning and again for 4 hours in the afternoon, he has worked 
for 9 hours during the day ; the total period is obtained by the arithme- 
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ip 


tioai sura, biiuvYiuf, — . 

mass is a scalar quantity. , nr nnertv in addition 

Any physical quantity, which‘ '£ c 1 P for the specifica- 


Any physical quantity, wmca nas » ^ fche speci fica- 

to its magnitude, is called a vecto ^ d ’ ( ' with jt 9 raagni- 

tion of a vector, its direction must yards from a 


tion of a vector its directiou muso ™ 0 „a 20 yards from 

trade. Thus, when we say that a man . feren09 of a circle of 
certain point, he may be any® But if it is stated that the 


certain point, he may bo anywhere on rue c. that the 

radius 20 yds. about the ‘ nit >“1 ‘^ition"“ e *' t once be determined 
man has moved 20 yds. due, o its »»«»«»* 


man has moved 20 yds. duo east, n.s pas - ~ a ~ magnUu j 6 and 

Hence, to state a displacement <lomp ^ lacement ,s a vector 

■direction must be mentioned or in oth ^ while velocity, 


Quantity- m Simi'larl^ density,°volume, eto. are scalars while velocity, 

foic r;°v:rr:-v 

length represents the magnitude a same as the com- 

of the vector. A single vector whose, eflecUs the »»« |>nt the39 

^om ffe TTie ^rceTs orfind^fthe resultant is called a rector addition 

°r the ^presentation of ^"‘aupi^Lrt 

;i P rtdy g wrth 0 Mme by ^ 0 Sx g and e oTST two rectangular ares 



1 2 
Time in seconds 


Fig. 84 —Uniform acceleration 


L 


Time ia seconds 

Fig. 88-Graph of Uniform Velocity - ^ is moa9U rod 

of co-ordinates with O as the orign^ ^ q[ fche unite on the 

along OX and displacement along ux. 

graph paper may he suitably c iose . q{ l5 ft. i n the 1st 

Suppose now that a particle has^disp ac The correspond- 

aefc ,30V in the first two seconds and *Mt >n.3s ^ ^ atraight „„ 

Ins points on the graph paper are A, 15 ana 

G—3 
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passing through the origin. Thus the straight line on the time-dis- 
placement graph represents equal displacements in equal times whichii» 
a uniform velocity. It is evident that the velocity Y representing 

the line 00 is given by 

Y - - tan COX. ' 

Oa 

Hence tangent of the angle made by the straight line with the time 
axis represents the velocity. The value of the tangent of an angle 

increases continuously with the angle. Hence the line OPQR which 
makes a larger angle with the time axis represents a higher velocity 
than OABG. Any line coinciding with or parallel to OX makes no 
angle with OX and so this line represents zero velooity, while a line 
coinciding with or parallel to OY makes an angle of 90 with OX, 
representing infinite velocity. 

A uniform velocity is represented by the equation v - s/t or s - vt. 
Therefore a relation of s with t for a given value of v is similar to 
the equation y- mx + o, where m is a constant and c -0. Hence s-vt 
represents a straight line passing through the origin. 

Again consider that a body is moving with a uniform acceleration. 
During 1st interval, let the body traverse a distance of 9‘5 ft. During 
1st and Did intervals o' time, let t.he displacement be 30 ft. and in first 
tbre * s.eeo.ids let the body move a distance of 73 ft. Evidently the bod} r 
\a anwing with an accelerated motion Now plot on the graph paper 
oc-ordioAteb of these points at A, B etc. (Fig. 34). Pass a free-hand 
smooch curvy through these points ; the curve shows a parabolic nature. 
The more steepy parabola as that given by the curve OPQR signifies a 
higher acceleration, as is represents larger displacements than given by 
tl.a uui-vis OABC in any given interval. 



We know that s = ut +■ vft* re¬ 
presents an equation of accelera¬ 
tion. If u “ 0, then s “ ift* is simi¬ 
lar to the equation of i/“4aa;*» 
which represents a purabola. 
Therefore the relation of s and t 
n a uniformly accelerated motion 
;b a parabola, as shown in fig. 34. 
Even if there ie some initial velo¬ 
city u of the body, the graphical 

relation between the displacement 

•• 

s and time t is parabolic in nature. 


A B C M K 

I’ig. 85—Speed Time Diagram 


Speed-Time 
OX and 01 be 


Diagram.—Let 

- - - v.o axes with O 
as the origin (Fig. 35). Let oqual parts CA, AB, BO, etc. along OX 
represent equal intervals of time, say, one te-cond each and let the speed 
bo represented along OY" with any suitable choice of units. Let us 
count time from O and let th, t su of the body at this instant be re¬ 
presented by OP. Similarly AQ, 3B, etc. represent the speed at the 
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Fig. M 


Thft curve PQRS .N obtained hv joioing 

SpLd-Time ditgram of motion. This curve 
£e?nS represent the actual path of the body but merely .nd,cates 
the changes in the speed of the body at success.ve intervals 

23 Angular Velocity.-We have already seen in Art 16 that 
when a rigid body moves round any straight line as its axis of otation, 
all the particles of the body move in circles 
about the axis as centre. The angular veloci y 
of any particle composing the body is measured 
by the angle swept over in unit time by the line 
joining the particle to the centre of its path. 

Let a particle on the body move through an arc 
UN in one second (Fig. 36). This angle is the 
same for all particles of the body and is known 
as its angular velocity. It is usually expressed 
in radians per second and is denoted by «>. The 
angular velocity is said to be uniform when equal angles are sv.ept over 

in equal intervals of time. 

Let a body, moving with a uniform angular velocity u> describe an 
_n]a o Jn time t Then 6 -or <*>■= «/t. Again the angle described in 
one complete revolution is 4 right angles or 2a radians. If the time for 
one complete revolution be T and n the number of revolutions per 

eecond,— 

Then tuT —2« whence n n (23,1) 

Relation between Angular and Linear Velocities.—Let the length 
of the arc described by the particle in unit time bo v and if the 
radius of the circular path be r, then the angle subtended by this arc at 

the centre is vlr radians. 

.% Angular velocity radians per second 

whence «“ r< " ( 'f ,2) 

Hence the linear velocity of any particle of a rotating body is 
proportional to its distance from the axis of rotation and is Riven 
by the product of this distance and the angular velocity. Thus m 
the case of a rotating wheel, a point on the rim has greater speed than 
that of any point nearer the centre. 

Angular Acceleration.- The speed of revolution of a body may 
often change for example when the flywheel cf an engine is in the 
process of acquiring speed. In such cases the angular velocity also 
changes with time. If the angular velocity increases at a constant rate 
we 111 it angular acceleration, and it is measured by the change of 
angular velocity per second. When the angular velocity decreases at a 
constant rate, it is called negative angular acceleration or angular retal¬ 
iation. If be the angular velocity of a rotating body at a certain 
instant and be its angular velocity after a time t, then the total 
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change in angular velocity during an interval t is and the 

average angular acceleration during the interval is (“> a 

Example :— 

1 . A flywheel rotates about a fixed axis at the rate of 150 revolutions per 
minute; find the angular velocity of any point on the wheel. What is the linear 
velocity, if the radius of the wheel is Sj ft. ? 

A. The angle described per minute = 150 X&t= S00 n radians. 

Angular velocity to = = 5n radians per sec. 


Hence linenr velocity, no = 3 J X 5n = 55 ft. per sec. 

24. Composition of Velocities.—If a body possesses simulta¬ 
neously more than one velocity, it may due to the combined effect of 
the velocities, be at rest or in motion with a definite single velocity. In 
the latter case, effect of the single velocity is the same as the combined 
effect of the separate velocities. The single velocity is called 
the resultant velocity and the several velocities are called its 
components. The process of finding the resultant when the com¬ 
ponents are given is known a composition of velocities. 

To find the resultant of velocities along the same straight line : 

(0 If a body bus two or more velocities in the same line and in 
tha same direction, the resultant is a single velocity in that direction 
t ,nd cf magnitude equal to the algebraic sum of the components. 

(}») If a body lias two velocities in exactly opposite directions , 
the resultant is a single velocity in the direction of the greater and 
it6 magnitude is equal to the difference of the two velocities. 

For example, suppose that a railway train is running uniformly with 
a velocity of 30 miles an hour. A passenger sitting in a compartment 
has also the same velocity impressed on him. If now he walks within 
lie compartment at the rate of 4 miles an hour xn the direct ion of 
vrotion of (he train, two velocities are impressed upon him along the 
game direction and his resultant velocity is 34 miles per hour. But 
when )ic moves in opposite direction with the same velocity, his resul¬ 
tant velocity becomes 26 miles per hour along the direction of motion 
cf the train. 


To find the resultant- velocity not in one straight line :— 

If a body ha3 velocities not acting in 
the same straight line but they ace inclined 
at an angle to each other, the magnitude and 
direction of the resultant 13 obtained by the 

parallelogram law. 



Fig. 87- 

gram. 


Parallelogram of Velocities.— If a 

particle be simultaneously acted on by two 
velocities represented m magnitude and direo- 
-Parallelogram Law fry (j ie i wo adjacent sides of a parallelo- 

dr awn from a point, their resultant ts represented in magnitude 




ART. 24 


MOTION 


37 


and direction by the diagonal of the parallelogram passing through 

‘ hat Le° The sides OA and OB of a parallelogram (Fig. 37 ) represent in 
magnitudes and directions the velocities u and v respectively acting 
upon a particle at O and let the directions of the veloot.es be.inclined 
to each other at an angle <■ Complete the parallelogram OACB and 
join OC. Then the resultant velocity B acting upon the particle 
represented in magnitude and direction by the diagonal OU. 

Produce OA and from C draw CD perpendicu l ar on it. Let the 
direction of the resultant OC make an angle 0 with that of the com 

ponent u, so that L AOC — 0. . ini* 

P N ' OC 2 — 0D S + CD® =(0A + AD) _+CD 

■= OA - + 20A. AD + AD 11 + CD 

- OA* + AC" + 20A.AC cos * 

since AD* + CD* - AC* and AD - AC cos x 

R* ~ u* + v‘ + 2 av cos x ••• 


Also tan w - " qA + AD u + v cos x 

Thus knowing u. t> and x. the values of R and tan 0 may be cal¬ 
culated. ' Further referring to the table of tangents, the value of 

degrees can be found. v g j n K 

In goneral, the resultant velocity is inclined at an angle tan u + u cos * 

to the direction of the velocity u . . . 

CotnDOsition of Displacements.— Since displacement is a ><> 

T . • • , . , r. a 37 that a vector of length OA, representing 

It is evident from fig- with a vector OB of another velocity 

a velocity or displacement along 

or displacement produce a resultant vector yj Q 

OC. Since OB is equal and parallel to / 

AC, we may also state that a vector OA / 

and a vector AC produce a resultant oX 

vector OC. Thus instead of draW1 "J * / 

parallelogram, the resultant m ft y >0 , , u A 

by completing the triangle with tno two o -*- A 

vectors as its two sides as Fig. 88 —Vector Sum 

fig. 38. If OA and AC roP* narticle. their resultant is 


tan 0 " 


CD 


u* +v 2 

CD 


v sin x 


(24.1) 

(24.2) 


y sin x 


cos * 


Fig. 558—Vector Sum 


velocities or disV— aot'ing upon a particle, their resultant is 
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represented by the third side of the triangle taken in opposite 
direction. In terms of vectors we can write the equation in the form, 


OA + AC — 00 ••• (24,3) 

It is to be remarked that the algebraic sum of the lengths of OA 
and AO is always greater than that of 00. Such a summation is called 
a scalar summation. But the two vectors OA and AC represented in 
magnitudes and directions, would combine to make up a vector OU. 
This is called a vectorial summation being represented by the equation 

(24,3). 

The parallelogram law applies also in the case of two or more 
accelerations imposed on a body. Suppose a body simultaneously 
possesses two accelerations A and A, represented in magnitudes and 

directions by OA and OB respectively (Fig. 37) aoting at an angle « 
with each other. 


The resultant acceleration is given by, 

J - *~+ f.. ‘ + 27 , 77 coT-t and tan 0 


A sin < 

mm* ~ - 

/1 ^/s COS * 


Triangle of Velocities.—This is a statement of how three 
velocities :cling upon a particle produce no motion. This is a modifica¬ 
tion of the parallelogram law. The theorem states that if a body 
simultaneously possesses three velocities, represented in magnitudes and 





Fig. 40 


Fig. 41 


divedby ' i - sides of a triangle taken in order, the resultant is zero 
t c . the body remains ct rest. In fig. 39, throe velocities represented 
by A b, iiO > nd 3A of she triangle ABC act upon a particle. By apply¬ 
ing l parallelogram law of velocities, the rosultant of any two of 
the At velocities e.g., AB and BC, which is the same as AB aud AD, is 
(oun l to be AC. Consequently, three velocities AB, BC and OA com¬ 
bi no t< become two velocities AC and OA. Now these two velocities 
Icing equal and opposite the resultant of the three velocities AB, BC 
and OA becomes zero. 


The principle of the triangle of vectors may be applied to find the 
change in velocities during an interval when a body is moving over a 
curved path. Imagine a particle to be moving along a path ABOD 
(Fig. 40). Let its velocity at B be represented in maguitude and direc¬ 
tion by the straight line BE and that at C by the line CF. It is evident 
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that there would be a continuous change of velocity as the particle 
move? from B to C, the initial velocity being BE and bnal veioci > 

being CF. 

Draw a line XY equal and parallel to BE and another line XZ 
equal and parallel to CF (Fig. 11). Complete the triangle bi jom.ng 
YZ. Then according to parallelogram law or vector summation, 

XY + YZ -= XZ or, XY - XZ - YZ 

Thus the change of velocities during the interval is represented in 
magnitude and direction by the line YZ. 

Examples :— . , , 

It £ - 

resultant velocity. 

A. Let u = 12 ft. per sec. and v = 15 ft. per sec. 

Then R* = 12" + 15 2 + 2X12X13 cos 30 5 

= 309 + 360 X '8CG = 680-70 

When R = 26-08 ft. per sec. 

15 sin 30° 7 g ^ 7 5 — .3 

Again tan 0 «= 12 + 15 30° “ 12 + 12-99 24°99 

With reference to the table of tangent. » = !«”«' with respect to the velocity 
of 12 ft. per sec. 

or generally 0 = tan" 1 -3. 

2 The wind blows from a point intermediate between north and east 1 

southerly component of velocity is u m.p.h. a Y t U.—1918) 

What is the velocity with which the wind blows . 

velocity of the wind, then 

' R a = 5 z + 12 3 + 2 X5 X 12 X cos 90 ° = 109 

8^ A particle " f ^ nd ^ nl "7a"s h fou,.r^'move wilh^hTsame velocity <lue 

north. Find the change in velocity during the interval. 

A. Although the velocities, at the initial and Goal remnjn the same 

magnitude, a change in direction calls for a change Ak 

in velocity. Let BC represent the velocity due cast 
and BA the velocity due north both being equal to 1 
ft. per sec (Fig 42.. Then from the V £°- 

citics, velocities BC and CA combine to produce BA. 

Hence the change in velocities is CA. Now if I) 
be the middle point of AC. 

DB = CI> = BC sin 45° = 10 X *707 

CA = 2I)B= 1414 Fig. 42 

Thu, the change U velocity is >‘1* ft./see. during the interval due north, 
'west. 
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25. Resolution of a Velocity.—Let AC represent in magnitude 
and direction a velocity which is to be resolved into two components- 
(Fig. 43). Draw a parallelogram ABCD with AC as diagonal. Then 
the adjacent sides of the parallelogram AB and AD would represent in 
magnitudes and directions, the two required components. But since any 
number of parallelograms can be drawn with a given line as diagonal,, 
a velocity 6uch as AC can be resolved into an infinite number of pairs 
of components. The adjacent sides of any parallelogram AGCH and 



AECF, for example drawn with AC as the diagonal, may also represent 

the components. 


Let ABCD be a parallelogram of which the angles made by AD and 
AB with the diagonal AC are < and P. Since L DAC*= L ACB, and 
L DAB ■= k t ft and consequently L ABC — 180° ~ (* + P). Hence from 
the property of u triangle, if AO-= B 


AC 


AB BC _ 

bin k sin P sin [180° - (< + £)] 


AB = 


— 7> 


sin < 


cm r\ Id «+• 


and BC d JR 


sin P 


... (25,1) 


The components ore very often resolved at right angles to each 
other. In this case each component is suid to bo a resolute or the 
resolved purt in the ] articular direction. 


Let- OS (Fig. 4 4) ie present in magnitude and direction a given. 
vdocit\ B, which is to be resolved into two mutually perpendicular 
direction* CP unci OQ Let the angle POS be denoted by *. From O 
draw OQ, perpendicular to OP. From S draw perpendicular SP and 
CQ. 7_ca by the parallelogram law, OP and OQ represent the required 
c*:.p:i pen cuts u and v respectively. 

Since OP *= OS cos < and OQ “ OS sin x 

or u *= B cos and v “ B sin * ... (26,2) 

Evidently, if be given, i.e., if the direction of one of the compo¬ 
nents be specified, then both the components becume definite in 
magnitude and direction. 

Resolution of an Acceleration. —In a similar way it can be 
proved that if 03 represents a given acceleration in magnitude and 
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direction, the resolved parts of the acceleration .lentf"“‘ ion ’ 
OP and OQ will be represented by R cos * and K si P 

Relative Velocity.—The motion of a body on or near o 
surface ofttfelrth^'usu Jly referred to ^respect £ obi,eet 

fixed on the earth. But m some cases /. ^“““hicT is also in motion. 
B is the rate at which A changes its position relatne to B. 

1 When both the ^ies move i. t^.me dnectinn wrth^he same 
velocity, the relative velocity of each «"f direction witb the same 

— thit 

° tbe n U^twofraTna; A and B. run ~ ^Xn^'in 

tion but A has a great veloci y direction while to passenger 

will appear to move away in e °PP I{ t j 10 two trains move in 

*"* “ 


♦ a 


B 



Fig. 40 

^ *!>■ . n Qimilftrlv when a man 

be moving away faster ^“^^""ain-drops though falling vertically 

appears ^strike his face in a slanting Q wifch respect to 

In general, the relative ve * tQ j )0 afc r6S t and compounding 

another body A, is obtaine J Jj an(1 opp0 site to that of A. The 
with the velocity of B a veloci y 0 ^ re i attve velocity in magnitude 

resultant thus obtained gi'e : ma ,.ino that two bodies A and I are 

and direction. For example, xtn *^ ^ direction with velocities u 

moving parallel to each To fin( j the relative velocity of B '' ‘ 

and v respectively (kig. )■ . and opp osite velocity u on A am • 

respect to A, impose an 1 raoV es with a velocity u ~ v- T 
Thereby A is brought to restan ^ with different velocities m 
relative velocity of two hodi Hero A is moving backwards 

different directions is shown ^ ^ , fo find tho reUtue 

with a velocity u, and latter is brought to rost by m i 

from A. 
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Examples s— 

1. To n man walking at the rate of 2 miles an hour, the rain appears to fall 
vertically; when he increases his speed to 4 miles an hour, it appears to meet him 
at angle of 45° ; find the real direction and speed of the rain. 

[Pat. U.—1951 ; Utkal. TJ.—1951] 

A. Let u = velocity of the rain in miles per hour and 9 = the direction of 
the rain with vertical in degrees. Suppose that the man is walking towards east. 
To bring him to rest, apply a velocity on him of 2 miles/hour towards west and also 
apply the same velocity on the following rain drops. The resultant velocity of the 
rain drops, according to the problem has a vertical direction. Thus u sin 0 = 2. 
Again when he walks 4 miles/hour towards east, bring him to rest by applying an 
opposite velocity and apply the same velocity on the rain drops and the resultant 
makes sin angle of 45° with the vertical. By drawing figure, it can be very easily 
proved that in this case u sin 9 -\- u cos 0 — 4. Hence from these two equations, 

0 — 45° and u ~ 2\/2 miles/hour. 

27. Dimensional Representation of Quantities.—It has already 
been stated in Art. 13, that the dimensions of length, mass and time 
are represented respectively by the letters L, M and T. Since velocity 
is the distance covered by a body in unit time, it can be obtained 
by the quotient of total length covered and total time. Hence the 
uiinen&ion of velocity is D. T or DT 1 . The same is the dimension of 
variable or uniform speed. If a body possesses a velocity of 10 cm see. 
v.'e may as well express it as lOL/T " 1 C.G-S. units. Acceleration is 
t!ia rale o' change of velocity and lienee it has the dimension of 
velocity, time or LT -1 /T ie., 1jT~ 3 . For example, an acceleration of 
3 ft./sec - may bo expressed as 3 LT -2 F. P. S. unita. A retardation 
has a negative sign before it. 

An angle expressed in radians is the quotient of arc and radius. The 
dimension of an angle is therefore L D or unity. Hence an angle has 
no dimension. An angular velocity is expressed as an angle divided 
by time Hence its dimension is D°T' 1 . 

It is interesting und instructive to note that in an equation 
in Giving Physical quantities, the dimension on both the sides 

tha equation ought to be identical. In fact, the identity of 
dimension is a true test of the validity of an equation. Thus, taking 
the equation, v = at 4- .\/r' , the left hand side term has the dimension of 
li : ' t 1 as iho dimension of LT" 1 * T = L and ft* has LT " 2 x T* — L. 
Thus the equation ie true. 

^ $ % * * 

t L^udondare required to remember the following equivalences to 
■focii> 1 ’e quick calculations of mathematical problems.] 

30 miles per hour — 44 ft. per sec. 
t mile per hour - 44 703 cm. per sec. 

» - 31415 ; 31415 radians - 180° 

1 cm. per sec. - *0328 ft. per sec. 

RENE DESCARTES (1596—1650) 

Descartes was horn in Touraine in France on March, 31, 1696. 
brom hi 8 early age, he got the opportunity of receiving school educa- 
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tion At the age of eighteen, he left the college. Teaching of Natural 
Sciences in those days consisted in imparting to students certain 
nonular beliefs and notions handed down from generations. People 
would never think it necessary to apply the reasoning to tmest - 
gate whether the so called notions were correct. Making any expo 
ment to verily the truth of those beliefs was considered to be 

lawful and prejudicial to the mandate of the Church. 

Descartes was one who thought that a conclusion regarding eni 
Mont ha arrived at bv a course of systematic and deductne 

P ldnre After leav ng the college, he became deeply absorbed ,n 
Zlay of tome probes. At theage of thirty, throe, he, wont to 

^amo»r^s-‘Cou^ ^‘“^hod^nd “Kio-s'. , M 

Zpublication of those books, the Dutch theologians conspired against 

532r.--.v „ e «« 

yearsf but Descartes gave it an improved outlook. The rectangular 

d°eHcl D fnd 8y he t6 dJ a o S n 1650 iuTtockhdm. In 1666 

hie coffin was carried to Paris and was lain there. 

THU A AN KEPLER (1571 1G30) 



December 21, lot\ 


Kepler was born at Wiel, in 
His father was reduced to an 
extreme Btago of poverty an.l ho 
engaged his son to earn money 
as a pot boy in an inn. After two 
or three years of service, the boy 
got an opportunity of being ad¬ 
mitted in a monastery school 
After passing the school final 
ntion in 1 ; )80, bo entered 
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the Director of the laboratory. It took him four years to determine 
accurately the orbit of Mars, and thus he formulated the laws. of 
planetory motion. But he did not know the nature of the force which 
holds the sun and the planets. 

Of the books compiled by Kepler, the most attractive was “On 
Celestial Harmonies”. His labours and insight revealed the solar 
system in all its simplicity. He died on November 15, 1630. 


Rest and Motion.- 
position for any period, 
with time. 


Sui 


Mill 


ary 


■A body is said to be at rest when it does not change its 
It is said to be in motion, when it changes its position. 


The motion of a body may be (i) translatory and (n) rotatory. 

Displacement.—The displacement of a body is its change of position. 

Velocity.—The velocity of a moving body is the rate of change of its position 
in a definite direction. 


Acceleration, is the rate of change of velocity. ’ 

Equation of Motion.— (1) v = u + ft (2) s = ut -f- i/fc* (S) u 1 = «*-f• 2/x- 


If v be the unifonn speed of a particle moving in a circle then v = raj. 

Parallelogram of Velocities.—7/ a particle possesses simultaneously two 
velocities, represented in magnitude and direction by the two adjacent sides of a 
pa mil do gram drawn from a point, their rcsidtant is represented in magnitude and 
direction by the diagonal of the parallelogram passing through that point. 

Resolution of a Velocity.—A single velocity R can be resolved along two 
directions at light angles to each other. The resolved parts u and v are given by 
u = R cos und v ~ R sin where < is the angle between R and u. 


Exercises on Chapter I 

Reference 


Arts. 1 . Distinguish between acceleration and velocity. "What is angular 

18 & 23 velocity ? (Dac. U.—1039 ; Cf. Del. U.—1052 ; Utkal. U.—1051 ; 

Del. H. S.—1049) 

2. Derive the relation s =ut -f- -§ft*. 

(Del. H. S.—1949 ; Anna. U.—1950) 

Ait. 20 3. A train starting from rest travels with uniform acceleration and 

ac iuires n velocity of 30 miles per hour in 2 minutes. Find the accelera¬ 
tion mid the distance passed over in the time. 

A. / = ££ ft. per see/; 2040 ft. 

Art. 20 4. A train travelling at the rate of 30 miles per hour is stopped 

in 1 minute by putting a brake; what is the retardation and for what 
distance was the brake applied ? 

A. J ft/sec/; 1 of a mile. 

5. A body moving with uniform acceleration describes 76 ft. itt 
the 5th second nud 11G ft. in the 10th second. Find the distance it 
passes over in the 15th second. 

A. 150 ft. 


Art. 20 
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6 A train starts from rest with an acceleration of 0-5 ft/scc* 
-and at the same time a dog starts of! and runs parallel to it with a 
constant velocity of 10 miles an hour. How far wiU the dog have gone 
before the train overtakes him and what time will have elapsed r 

A. 2202*7 ft.; 93*9 seconds. 

7. Two trains leave the same station on parallel lines, the first 
starting from rest with a uniform acceleration of *5 ft/scc 2 and attain¬ 
ing a maximum velocity of 15 miles per hour which is kept constant, 
the other staring from rest 40 seconds after the first with a uniform 
acceleration of 1 ft/sec* and attaining a maximum and constant velo¬ 
city of 30 miles per hour. At what distance from the station and how 
long after leaving, will the second pass the first ? 

A. 17G0 ft. G2 secs. 

8. The distance between the sun and earth is 93 X 10* miles. 
Assuming that the earth moves round the sun in a circular orbit once 
in 365 days, find its angular velocity in radian per sec. and linear velo- 

city in miles per sec* 

A. 1*09 X10 -1 radian/sec.; 18-5 miles/scc. 

0. State and prove the law of parallelogram of vc ^ ics ^ _ m8] 

10. A river has got a current of 5 miles an hour and a boat is 
rowed across it with a speed of 4 ft./sec. at an angle of GO with the 
bank down the current. Find the resultant speed. Calculate the tunc 
to cross the river if its width .s half a mile. 

A. 9*9 ft./sec.; 12 min. 41 secs. 

11. A body moving with a velocity of 8 cm. per see. has an 
acceleration of 0 cm. per sec. 2 applied to it in a direction making an 
angle of 90° with its original direction of motion. Calculate its fmu 

velocity and its displacement after 1 sec. 

A. 10 cm. per sec.; 8*5 cm. 

12. Rain drops arc (ailing to the earth vertically with a speed of 
4 ft. per second. What should be the speed o( a ^ehstonnlerel 
road at which the rain drops appear to strdre him at an angle of SO to 

the vertical P 

A. 2*3 ft./sec. 

13. To a motorist going north at 30 miles per hour, the wind 
appears to blow from north west. Actually it is blowing from west. 
What is its true velocity and what is its apparent velocity ? 

From what direction and with what velocity would the wind 
appear to blow to a motorist going south at 15 ni.p.h. Illustrate 
your explanation by diagrams. 

A. 30 p.mi.; 42*4 m.p.h. ; 2G°S4' S. of W ; 33*5 rn.p.h. 

14. Explain what you mean by ‘Relative vclocit/aud *owjt«n 
be measured. 


Reference 
Art. 20 

Art. 20 


Art. 28 

Art. 24 
Ait. 24 

Art. 24 

Art. 20 

Art. 20 


Art. 26 



CHAPTER III 


FORCE : NEWTON’S LAWS OF MOTION 


28. Inertia and Force.—It is an inherent property of a material 
body that entirely loft to itself, it can not change its state of rest or of 
motion. If the body is found to be at rest, it continues to be at rest 
for all time to come. If again it is found to be moving, it keeps on 
moving for all time to come. This property of a material body is called 
its inertia. Whatever a change is effected, it must be due to some ex¬ 
ternal cause, which is termed a force. Hence a force is that which 
acting on a body, changes or tends to change the state of rest or of uni¬ 
form motion of a body. A force must have its (t) point of application 
that is, the i oint at which the force acts (it) direction and (it*) mag¬ 
nitude. A force is thus a vector quantity. 

Newton’s Laws of Motion.—The three laws of motion, first 
enunciated by Sir-Isaac Newton, «are based on general observations of 
motion of material bodies and form the basis of Dynamics. The three 

laws are stated thus ; 

First Law. - Every body continues in the state of rest or of uniform 
mot’o; i in a straight line, except in so far as it is compelled by some 
external impressed force to change that state. 

Second Law. — The rate of change of momentum of a body is pro¬ 
portional to t/ic impressed force and takes place in the direction of the 
straight line in which the force acts. 

Third Law.— To every action there is an equal and opposite 

reaction. 


20. Explanation of the First Law. —This law consists of two 
parts. The .'.v.-t ot tnese implies that a material body cannot of itself 
change its st.ito oi rest or of uniform motion. Ic also states that a mov¬ 
ing body, when not acted upon by an external force would have 
Ireo motion i.e., uniform motion in a straight line. It is not 
possible to iftiiiy this experimentally, for we cannot uinko a body per¬ 
fectly free Tom external vuccs. Thus, a very smooth ball rolled on the 
ground noon come.-. to rest owing to the resistance of the ground and of 
air. If • ha surface wore more smooth, the ball would roll fer a longer 
while, 1 :io nearest approach to free motion is the motion of a glass 
b .11 over smooth ice in the ubsenco of the wind. 


Too second part of the law -funrshes us with an idea regarding the 
function of a force. Thus ( i) a force can ehange or tenus to change 
the state of rest of a body ; {ii) a force can change the state of motion 
of a body, by increasing the speed or decreasing it. The law also 
implies that the force, which is to produce a change in the state of 
rest or of motion of a body, must be externally impressed i e. acting 
from outside on the body and not stresses or internal forces between 
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the parts of the body. It is then evident that inertia may show itself 
in two forms, namely, 

(t) Inertia of rest, which means that a body at rest has a ten¬ 
dency to remain at rest. 

(it) Inertia of motion, which indicates that a body in motion tends 
to continue its motion. 

Illustrations of Inertia of Rest.—To show inertia of rest of a body, 
take a ball and place it on a rectangular card just above a hollow 
cup fixed on a vertical stand (Fig. 48). 

A metal spring is swung aside and is 
fixed to a clamp on one side. On releas¬ 
ing the clamp, the spring jumps back 
and strikes the carrd, which is thrown 
away while the ball owing to its inertia 
of rest does not move forward but falls 
down into the oup. 

A bullet fired against a window pane 
would make a clean bole and not cracks. ^ 

The glass surface near about the place „ . 

where the bullet strikes cannot share the quick motion of the bullet 
and remains as it is. When a train or a tram car suddenly star s 
a passenger standing or sitting loosely in the car falls backwards. The 
lower part of the body, being in contact with the car. takes up the 
motion but the upper part tends to remain in the former state o rest. 
In beating the dust off a coat by a stick, the coat is suddenly set 
into motion, while the loose dust particles, tending to remain at rest, 

fall off. ... 

Illustrations of Inertia of Motion.- A person, in getting down 
carelessly from a moving tram car, falls forward. His feet, on touching 
the ground, come to rest but the upper part of the body due to inertia 
tends to move forwards and so he stumbles towards the direction in 
which the car is moving. Again when a car in motion suddenly stop., 
a passenger sitting loosely in the car falls forwards. If a horse at 
full gallop suddenly stops, the- rider unless B.U.Dg hrmly on tl.o l.orso 

is likely to be thrown forward over the head of the horse. 

Before taking a long jump a person runs from a little distance 
behind so that the inertia of motion would help his muscular extition 
to jump. A ball thrown vertically upwards by a person m a running 
train comes back to hand. Duo to inertia the ball maintains its 
, . t which it has ucquired form the cur and so comes 

baclf °to * hand, if the motion of the train or the position of the hands 
does not change in the meantime. Similarly in the circus show, a 
performer jumps up from the back of a running horse, and passing 
through a hoop again comes back on the horse. 

30 Explanation of the Second Law.—The second law states 
l ’ lend as an external force is acting upon a material body, it 
would continuously pom in motion. The acceleration of the body under 
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the action of the force is a measure of the force acting upon it. This 
law gives a quantitative definition of a force. 

Momentum.—The momentum of a body is measured by the product 
of the mas9 and the velocity of the body. Hence, if the mass of the 
body be m and its velocity at any instant be v, then momentum 
of the body at the instant is m x v. 


The unit of momentum is the momentum possessed by a body of 
unit mass moving with a unit velocity. The F. P. S. unit of momentum 
is the momentum possessed by a mass of lib moving with a velocity 
1 ft. per second. It is often termed a poundem. The C G. 8. unit of 
momentum is the momentum of a mass of 1 gm. moving with a velocity 
of 1 cm. per second. For example, a ball of mass 150 gm. moving with 
a velocity of 1 metre per sec. has a momentum of 150 * 100“ 15 x 10 s 
gm. cm. per sec. 

Measurement of Force.—Let a body of mass m having an initial 
velocity u, be acted upon by a constant force P for a time t. Since 
it is under the action of a force, its velocity would continuously 
increase. Let its final velocity be v at the end of this period. Then 
the initial momentum of the body = mu and its final momentum “ mv, 

Hence, the change of momentum in time £*“ mv - mu = m{v - u) 


Thus the rate of change of momentum 


m(v -_u) 
t 



According to this law, the force P is proportional to the rate of 
change of momentum, i.e., P« mf 

or J' = kmf, where k is a constant. 


If now the unit of force be so chosen, that it produces unit acceler¬ 
ation when acting on a unit mass, then if m = 1 and/“ 1, P becomes 
equal to 1 ; hence accordingly k must he equal to 1. Thus with units 
f.o chosen, P-mf ... (30,1) 

or Force *= mass * acceleration. 


In it of Force.—The unit of force may he defined as that force 
tvlii'h acting on a unit mass produces unit acceleration. 

The F. P S. unit of force is that force which acting on a mass 
of ] lb. produces an acceleration of 1 ft. per sec. per sec. This unit 
is termed a poundal. The C. G. S. unit of force is that foroe which 
acting on a mass of 1 gm. produces an acceleration of 1 cm. per sec. 
per sco. This unit is callod a dyne. 


These two units are called dynamical or absolute units of force, 
for they remain constant throughout the universe. There is another sys¬ 
tem oi unit of forco, called the gravitational unit. (Vide Chapter IV). 

Again 1 =» - or P .l^mv-mu ... (80,2) 

• ^n ht f n , a larg0 forcp acts for 11 short Pe riod . the product (force x time) 
is called tho impulse of the force during the time. Thus the impulse 
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of a force is equal to the change of momentum produced, and if there be 
no external force there will be no change in momenta n. 

Ban ( -JO, 2) provides another form of definition for a unitof force; 
e Umv-mu be unity and i be 1 second, then P becomes unity. Thus 

; oroe is that force which acting on any mass for unit time 

a j L,, a unit change of momentum in the direction of the force. 
S “he mass taken be unity, then a unit force acting upon a umt mass 
initially at rest would generate unit velocity on it. 

Relation between a Poundal and a Dyne—A poundal is much 
large? than a dyne. A force of one poundal acting on a mass of 1 lb. 
produces an acceleration of one foot per see. per see. 

Now l’lb-453'59 gm. and 1 ft. “ 30*179 cm. 

Hence a force of 1 ponndal acting on a mass of 453 59 gm produce, 
an acceleration of 30'479 cm. per sec. per sec. 


,. Tpoundal - 1 lb X 1ft. sec.- - 45T59 x 30 479 gm. cm. sec. 

-13824 969 dynes =13825 dynes approximately. 

Thus momentum isa ^ ‘ ^ 

fore ^be Rented by a straight linen The t 
dimension of mass * velocity, which is M * UL ™ s 
h.“ the dimension of mass * acceleration, which is MLT . 

Examples oll n | 0V cl ground is kept going 

1. A train having a mass of .. * >or hour: the steam is suddenly 

by the locomotive at a un.form spec. '•» ing * m j|os farther. Calculate the 
shut off and the tram comes lo r « st “"V h ’ g (Ulkal. V.-WM) 

average resistance to the motion of the holIr i, brought to rest 

^"retardation, the formula * '> 

be used were , = 0 and « = *> mi,„/hr = f l*7«c - «« ^ 


° ft ’ 605 

o= ( 2 f) 9 0 ,= 2b7l fl 

The resisting force acting on ll.c Iron. = .« X rei.nl.lkm 


= 10500 ft. 

T1 


per see per sec 


005 


= ,00 X 20 X 4 X S® X - n ponndab = 57007 ,.onn,lnl S . 

31. Verification of the Second Law of 

studied very conveniently with an B , B, about one 

trolley, which consists of a st Uo , r „ iU rr fixed upon 

and a half metres in length hat i 8 1 Availing arrangements. A 

it (Fig. 49). The bench ia P rovl .i r iih almost with- 

trolley T provided with wheels nan run uponi th • _ friclion brakes 

S S altfend *£"Jtt ?— ^ motion of the trol.ey 
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without a direct collision. A frictionless pulley is also fixed at one end 


■m 


B» 


SOT 


B. 
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Fig. 49—Fletcher’s Trolley Apparatus 

to facilitate pulling of the trolley whenever required. A metal 
reed R capable of vibrating at right angles to the length of the 
bed may be clamped at any end of the bench. 

The bed is made accurately horizontal with the levelling 
arrangements at the base, so that the trolley runs on a hori¬ 
zontal surface. Then the trolley is tied with a piece of thread 

y e, end*TWof the bench. One end of a specially made paper 
tape P is tied to the trolley. The tape i? carried over a pulley 
and scale pan is suspended at its other end. A suitable load 
is pus upon the pan which serves a* the pulling force on the 
•.roil .v An inked brush is fixed at the end of the reed so 
as to :ouch the paper tape. 

The reed is swung a bit at right angles to its length, so 
that, i keeps on \ limiting to-and-fro marking a small arc on 
the paper with the inked brush. Tlie’period of one vibration 
of the reed is ce’.ermined with a stop-watch ora metronome. 
Then the trolley is released by cutting down the thread, when 
't begins to move over the rails under the action of the load. 
Too hike.a brush is found to trace a wavy curve on the mov- 
:,,g strip of paper (Fig. 50). Since time for each vibration of 
\ I,-. re< >1 is constant, tucb a curve on the paper offers a con- 
notbod of accurately measuring short intervals of 
Tiit piper is then placed on the table and a straight 
o'-.iwn ©verify through the wavy curve which serves 
•he ii jo of reference. The points of intersection of the 
.• i . y hue with this straight line are marked The distances 
• t£> be, cd, etc arc accurately measured. If period of vibra¬ 
tion of the reed be T, then average velocity in successive 
intervals of time is ab T. be T etc. Hence change of 
velocity in successive intervals is (be - ..b ' T, whence 
acceleration is be - ah ) T 2 . This acceleration is found to 
be constant over auy region of the path so long U9 the 
active forces and t ho moving mass remain constant. This law 
can also ho verified with an Atwood's machine. (Fide 
next Chapter;. 

32. Explanation of the Third Law. —When a body 
A exerts a force on another body J 5, it m called the action of 
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ART. 32 

, f \ R Tlifi third liw stit -33 that if there is any action 

the force of A on B. The tli oDDOsite force on A, 

of the force of A on B, B also e\K ■«, an < ^ holds good whether 

which is called the reaction o °“ * ' et h er they are in contact or 
the bodies are at rest or in motion and w et therefor® called the 

acting on each other from a distance. This la v is me 

law of reaction. . 

Take. for example, a.person stao.ling on the ^ground ^ The we.g^ 

of the person shows itself an 18 * . , fe g [ oog a9 | 10 stands 

ground, which is called the action of h s »“8 h ‘- ^* otion , which 
firm, the ground presses his feet «s<j _ J fo P roe , wouU be exactly 

is called the ground react on. The 1 ^ ;lction and reaction, 

equal and opposite. T 11 s - •- • , . go j| the ground resistance 

But when he stands upon sary y ■ ' ir) , lfc in that case his feet 

may not be sufficient to glance i ^ £ q\\. Here also at any 

might be gradually d an ,l opposite to a part of the weight 

instant the ground roactio c »f on . The remaining pirt of 

of the person, which is callo ' ‘ ‘, . no thing to do with the 

the weight ser\ms as the moving o c • laW . Since the ground 

third law ; it is to be treated with tffio ™ c0 difficult to walk fast, 

reaction is much less on a sandy soil t of m0inent um. 

The law also gives the P"ncip ® oachi „ g ball, then on collision, 
Thus, if a hat is moved towards a 1 8 qual an d opposite to that 

the force exerted by he bU on tl«l^ to the hull 
exerted by the ball on th • , the ball in the oppon.o di- 

hy the bat is equal to that „i c 1 gaine I by on® is equal to 

roction. In other words.*the -n - \ a0l £ altt , a of the w ten re- 
that lost by the other, so that ; the ™ Tlu , pri neiple of the con- 

mains the same in any particula ' -V , with !ia apparatus known as 
sorvation of momentum may be wifch a slight modified- 

tioo'of 9 Fietcher*8 “tt olioy apparatus, (vide Chatteriee's Intormed.a e 

Practical Physics ). Reaction.-The action and re- 

Different Kinds of Actio a ^ ^ ^ fol|owing kinds — 

action between any two hodie > body presses against 

(2) Thrust or Prejsurc.- ^ ; tal ,l 0 . it press ,-; th, txhle 

the other. Thus, y 1 *. 0 " - t V0IJ ,bt, while the tulle exerts n pro, •’ > 
vertically doionwar^l^ j) * thu thrust or tlio reaction u. 

on the hook vertically upu f ‘‘ b*« equal and c jiposito. 

the book. There two lorcoa 11,1 , , C!icll other 

(0) Pull or ho ly is her', suspo.ulcd 

through a material medium. ■ string douintoanl*. whilo 

by » string, the weight Of ti e body P !th ^ ^ , orco nulled the 

the string pulls the ( OIC8 o. thus equal to the weight 

tension of the etno.,. 

of the body suspended. .. l)e pulled by a horse 

how the memu o^svstem is 
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possible in spite of the fact that the tension in the tie-rod D is always 
equal and opposite. 

To start motion, the horse presses against the ground with its hind 
leg in a direction with a force, say R along AE. Then the reaction 

which is also R acts in 
the opposite direction 
AF. The reaction R can 
be resolved into two 
components—(*) a verti¬ 
cal component, AB sup¬ 
porting the weight of 
the horse ; («) the hori¬ 
zontal component BF, 
which tends to move the 
system forward. Call 
this horizontal compo- 
Fig. 51 nent p. There is a resis¬ 

tance r acting on the 
carriage due to friction of the wheels against the ground. So long as p 
is less than r, there is no motion. Bat as the horse exerts a groater 
nod greater force, tho component p increases and ultimately when p 
nxceeds r the sy item in under the action of a resultant force p — which 
makes the system move in the forward direction. 



To tied oho tension < 7 , consider the carriage and the horse as two 
separate systems having a common acceleration. Then the resultant 
force acting ori the carnage is q - r, producing the acceleration and tho 
orce v - q producing the acceleration of the horse. On knowing' their 
masses and acceleration, tension can be found. 


(■■!) Attraction anu Repulsion —These occur between two bodies 
noting at a distance. L'hus, two opposite magnetic poles attract each 
other and t .0 similar poles repel each other with equal and opposite 


toit-cs. 


( t) r notion. t his occurs when a body tends to slide over another 
k;>.iy and «> way 3 acts opposite to the direction of motion. Thus, when 

, l: v*y reuains at rest on a rough inclined surface, the rough surface 
, .events r.o body from sliding down and exerts a force, called t ie 
/notional^ u.rce, which is equal and opposite to the force tending the 
body to sad j down. Agaiu in walking, one presses against the ground 
a a ward direction with his feet and the frictional reaction of the 
grouuo .es him an equal forward force which thus sets him in 
motion lienee it is diflioult to walk on a very smooth surface. 


Tne principle applies equally in case of bodps in v.otion When 
we jump on the shore from a boat, the boat is found to be pushed 
backward and the monentum of the boat is equal and opposite to 
that of the man. Again when a bullet is fired from a riile, the bullet 
is buried forward violently by the force of the expanded gas. The 
bullet also exerts an equal and opposite force on the expanded gas, 
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which pushes the rifle backward. The momentum of the rifle 
is equal and opposite to the momentum acquired by the bullet, but 
the rifle, being muoh heavier than the bullet, its motion is much less. 
The backpush of a rifle, when fired, is a well-known fact. 

The discharge of a rocket is due to the burning of the gun-powder 
contained in it. During combustion a stream of gas is given off 
downwards with a great force and due to the reaction the rocket 
shoots upwards. When streets are watered, water rushes out of the 
hose-pipe with a force, the backward reaction of which is felt by the 
water-man. 


Examples :— 

1. A force of 120 pounduls acts for 2 seconds on a mass of 21 lb. initially at 
rest, and then ceases to act. Find the velocity acquired and the space moved over 
by the body during the time. How far will it move during the next half a minute i 

A. According to equ. P = mf, 120 = 21/ whence / = 5 ft. per sec.’’ This shows 
that so long as the force acts upon the body, it moves with an acceleration ot 
5ft/sec. a But the force acts for 2 sees, the initial velocity of the body being zero. 

v = u + ft. = 0 + 5 X 2 = lb ft./sec. = final velocity after 2 seconds. 

Aguiu s = ut + h ft. 3 = 0 + i X 5 X 1 = 10 ft- = space moved over by the body 
in 2 seconds. 

As soon as the force ceases to act on the body, there is no acceleration and the 
body moves with a constant velocity of 10 ft. per sec. Hence during next half a 
fninute, it moves through 10 X 30 = 300 ft. 

2. A shot of mass 40 lb. leaves a gun with a speed of 1000 ft./scc. If the 

velocity of recoil of the gun is 4ft./scc. find the muss of the gun in tons. 

» (Utknl. U.—1951) 

A. From the law of reaction, we know, that the momentum of the shot is equal 
and opposite to the recoil momentum of the gun. 


' 13 

Hence 40 X 1000 = M X 4 — 5 =- whence 


M = 


10,000 x 28 

125 


lb. 


M = 


40,000 X 28 


= 4 tons. 


125 X 28 X 4 X 20 

3. A shell of muss 40 lb. moving with a velocity of 12 ft./sec. explodes and 
hursts into two portions of mass 28 lb. and 12 lb. respectively. If the former be 
brought to rest owing to explosion, find the velocity of the latter. 

A. Let the velocity of 12 lb. part be o ft./scc. after explosion. 

The initial momentum of the entire shell = 40 X 12 = 480 poundems. 


The final momentum of 28 lb. part 
The final momentum of 12 lb. part 


= 28 X 0 =0 

z= 12 X v = 12f poundems. 


From the principle of conservation of momentum, 480 _12o + 0 
whence v = 40 ft./scc. 

’■‘33. Elastic Impact.—If a marble ball is allowed to fall upon a 
cemented floor, it rebounds to a certain height, but if the same ball is 
allowed to fall upon an wooden floor, it rebounds to a much smaller 
height. If again, instead of a marble ball, an ivory ball be dropped 
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on the cemented tloor from the same height, it rebounds to a larger 
height. The velocities before and after impact m *y be calculated 
from the distance fallen through aud the height of rebound. As a result 
of experiments, Newton derived the following conclusion. 

For the same pair of substances undergoing elastic impact , the 
velocity after impact bears a constant ratio to the velocity before impact 
and is independent of the mass of the ball. 

This ratio which depends on the material of the ball and the floor, 
is known as the coefficient of Elastic Restitution. Suppose that a 

ball is colliding in a direction RO against 
a bxed plane PQ with a velocity u making 
an angle */' with the normal ON to the 
surface at the point of incidence and that 
it has no motion of rotation. After 
impact let the velocity be v in a direction 
making an angle b with the normal. Now 
resolve the incident velocity into two 
components) u sin <1> parallel to and u cos '/• 
perpendicular to lie colliding plane. In a 
similar manner resolve the velocity v 
into parallel and perpendicular components v sin 0 and v cos G 
respectively. 

Now as the plane is supposed to be perfectly smooth, there cannot 
bt- any force acting on the ball parallel to the plane during impact aud 
conseouontlv the parallel component oL the velocity romuins unchanged. 
Thus, 

v sin G = n sin ... (33,l) 

Tee p rpendicular component is altered by a certain ratio by 
Newton’s law. Let the ratio bo t ; then, 

v cos 8-ni cos '/' ... (33,2) 

v cos 0 e u cos •/' , 

v sin B “ whence cot 0 = e cot * ... (33,3) 



An ideal ettse is one in which the collision is perfectly elastic. In 
thr.t case c become? equal to unity and © = '/>. The ball makes equal 
-ugle with tiie normal beforo and after impact. 

If m ho the mass of the ball, then due to u single collision the 
change ol velocity is u cos '/• + ev cos 0 and the change of momentum is 
m (u cor «/■ cv cos fl). This change of momentum taking place within 
n very short time acts as an impulse, banded on to the plane surface 
duiing the act of collision. If the ball collides n times per sec. under 
similar conditions, then the total change of momentum per sec. is 
nm (u cos •!> + cv cos 0) and this quantity by the second law acts as the 
force exerted by the collisions on the plane surface. 

Examples :— 

1- A glass marble, «Imsc mu*s is one ounce, falls from a height of 25 ft. and 
rebounds to a height ol 1G it. ; iind the impulse aud the average force between the 
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marble and the floor if the time during which they are in contact is 0-1 second; the 
acceleration of fall being 32 ft./sec. 3 LNag. V.—lJoU 

A. Let v be the velocity of the marble at the instant of colliding against the floor. 
"When falling from rest at a height of 2.5 ft. 

v * = 0 3 + i X Si X 2J whence r = 40 ft. per sec. 

When rebounding to a height of 1G ft, let vi be the velocity of start just after 
collision. Then, 

0 2 — Vl * — 2 X 32 X lt» whence tu = Si ft. per sec. 

The direction of velocity being reversed after collision, the change of velocity is 
evidently 40+ 32 = 72 ft. per sec. and consequently the change of momentum ol 

the ball is, 

1 


1G 


X 72 pound, ft. per sec. = 4 a poundems = impulse handed on by the 

marble to the floor during a period of 0-1 second. 

Again since, force X time = impulse. 

Force = impulse -h time = 4-5 ^ 01 - 4.3 poundals. 

34. Composition of Forces. —If a pirticle is simultaneously 
acted on by two forces in the same straight lino and in the same 
direction, their resultant is equal to the sum of the two forcesi am ac 
in the same direction. If the two forces act in opposite directions the 
resultant is equal to the difference of the two and acts in the d notion 
of the greater of the two forces. If two forces act in directions inclined 
to each other, their resultant is found hy the Parallelogram Law 
given below.— 

Parallelogram ot Forces .-// two forces, acting simultaneously 
at a point, be represented in magnitudes and directions by the adjacent 
sides of a parallelogram drawn from the 
point, their resultant is represented tn magni ¬ 
tude and direction by the diagonal of the 
parallelogram passing through that point. 

Thus, if a particle at O be acted upon 
simultaneously by two forcesp and 7 , repre¬ 
sented in magnitudes and direction? >y UU 
and OB respectively (Fig 53), then the dia¬ 
gonal OC represents the rebultant in mag- 



Fig. 63 


... (34,1) 


nitmie and direction. pToc^i^g as in Art. 21. it can be shown that tbo 
resultant R is given hy the equation 
R 8 -p 8 + q 8 +2 pq cob < 

where < is the angle between the directions of p and q, 

If the direction of R is inclined at an anglo 0 to that of p, 


then, 


q sir^* 

tan " p 4- q cos < 


• • • 


When the two forces act at right angles to each other 


R *-p*+g\ or 


R — Jp* + q' J und tan O — q-p. 


(34,2) 


(34.3) 
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Experimental Verification.—Take three strings knotted at a 

point O ; attach the other ends 
of the strings to three spring 
balances L, M and N (Pig. 54). 
Attach the spring balances to 
hooks fixed on a drawing board 
in such a way that the strings 
uro kept well stretched. From 
the readings of the balances, 
find the forces acting along the 
strings and let them be repre¬ 
sented by p, q and R respec¬ 
tively. Now mark on the paper 
fixed on the board the directions 
of p, q and R. Measure lengths 




Fig. 54 


aa . . OI Vx Q ana is. Measure length 

., ram A H p 4 to represent p and $ respectively. Complete the parallelo- 

A R n<3 )01 ° °°; V 1S fo , Uad that tbe length of the OO 

reproaenta R m magnitude and direction in the same proportion. 

I .ido J. Chattorjee s Intermediate Practical Physics). 

fo-cas h L!° r tI 6 E i iS ° a ^ ed tb °. ® r|uilibr;mt ° f p ““d Q. since the three 
-jtces together keep the point O in equilibrium. 

In t? h w ati<> ? r **? P r| nelple.—A ship being towed by two tugs 

in two iiherent directions would b 

u . 0<: bJ ; :,Ve in i^be direction of 
either out would take an inter¬ 
mediate direction, which can be 

obcaiuvd by the Parallelogram 

La \v. 

A bird while flying in the 
■ ir strikes the air with wings 
rr-d so air reactions act in the 
orpodto direction (Fig. 55). 
i! these reactions s.ra repre¬ 
sented in magnitude and 

direction by QA and OB Fic 55 

respectively, tlm diagonal OC of 

ibe p. rallekvr.vni OACB represents in magnitude and direction the 
h'. Ill nr“a-'T b!rd rivanee. By varying the muscular effort 

the direction which the bird flies may 
Resolution of Forces.—A single force can be resolved into 
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Some Practical Illustrations. —The following cases illustrate the 
resolution of forces. 

Pulling of a Boat by a single Tug. —Suppose a boat is pulled 
by a single tug and let the pulling force be represented by OR v.Fig. 56). 
This force can be resolved into two components—OA parallel to the 
length of the boat and OB, normal 
to it. The former moves the boat 
ahead, while the latter tends to move B 

it sideways. The sideway motion 
is less effective since water exerts a 0 
large reaction to such a motion. 

Further, such a motion is partly 
counteracted by adjusting the position 
of the rudder D. 



Sailing of a Boat. —Let AB represent the length of the boat, 



Fig. 57 


CD that of the sail and WC that of the wind 
(Fig. 57). Let CE represent the force exerted 
by the wind on the sail in magnitude and 
direction. If this force is resolved into two 
components— CF, perpendicular to the surface 
of the sail and CD, along the surface, only the 
former component would be effective in exerting 
a pressure on the sail, while the surface 
component would glide past the sail. Let CF 
bo now resolved into two components—CK, 
along the length of the boat and CM, at right 
angles to it. The component CK causes the 
boat to move forward, whilo CII tends to 
moves it sideways. But owing to great resistance 


offered by water to motion in this direction and also to that caused by 
proper inclination of the rudder, the component due to CPI is ineffective 
and the boat moves forward. This shows how with tho proper 
adjustment of the sail, a bout can advance even partly against the 
wind. In past days beforo the invention of steam power, ship had 
to bo steered on high seas almost in aDy direction irrespective of tho 
motion of wind by only adjusting a number of sails. 


Action of Bicycle Crank.—Tho effect of pressure applied by tho 
foot on the pedal of a bicycle changes with the relative position of tho 
crank. Let the foot press tho pedal vertically downwards with a force 
represented by OR (Fig. 58). This can be resolved into two components, 
OA and OC along and perpendicular to the crank respectively. Only 
the component OC is effective in driving tho cycle, while the component 
OA is entirely passive. Evidently then, the more nearly does the 
pressure of the foot act normally to the crank, the more effective is 


the pedalling. 

Moving a Lawn Holler.—When pulling the roller, the force 
exerted by the hand may bo represented by OC (Fig. 59). This 
can be resolved into two components, OA and OB, parallel and 
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perpendicular respectively to the surface of the ground. The former 
is effective in dragging the roller while the latter acting vertically 
upwards decreases the pressure of the turf, caused by the weight of 
the roller. When pushing the roller, the force applied is given by 



Fig. 58 Fig. 59 


O’C' and the component O A' of the applied force is effective in moving 
the roller while the component 0'B' acting downwards adds to its 
weight. It thus increases the pressure exerted by the roller cn the 
ground and makes it difficult to push the roller. Similarly, it is easier 
to pull a parambulator than to push it. 


Flying of a Kite.—Suppose a kite K is flying in air (Fig. 60). 
The kite is acted on simultaneously by (i) its own weight W acting 
vertically downwards ; («) the tension T of the string and (iii) the 
pressure on its surface due to the wind. Let the effect due to the 
pressure of the wind oo the surface of the kite be taken to be a 
single force acting at K and represented by DK. Let the weight W 
be represented by KA and the tension of the string by KB. The 
resultant, of the two latter forces is represented, by KO. The wind 
presoure, ri presented by DK, can be re9olvod into components—EK, 
along the face of the kite ana the other 
perpendicular to it. If this latter 
component, be exrctly equal and opposite 
to the resultant KC, the kite remains 
in equilibrium in air. 

if the v/ir.d pressure increases 
the normal component also increases 
and the kite rises up, until the 
resultant of T and W again becomes 
just equal and opposide to the normal 
compoment to produce equilibrium. 

The increase in the resultant takes place due to increase in the value of 

T and oecrea.es of the angle AkB as the kite rises. Again when the 

wmd pressure decreases, the kite comes down. If the wind pressure 

remains the same and the string let loose, the tension T decreases; 

hence the resultant becomes Uss than the normal component of the 
wind pressure and so the kite will rise up. When the wind is gusty 
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the magnitude and direction of its pressure change suddenly and kite 
moves irregularly. This is diminished by attaching a tail to the kite, 
which increases the inertia and opposes any sudden movement. 

Near the ground, where the wind pressure is less, the man Hying 
the kite is to run very fast to produce a sufficient wind pressure upon 
the kite, but when the kite rises to a height, the wind pressure is 
considerable and running may not be necessary. 

36. Triangle of Forces.—If three forces, acting on a particle, bo 
represented in magnitudes and directions by the sides of a triangle, taken 
in order, the forces are in equilibrium. 

In fig. 39, the forces AB and BC acting at A can be represented 
by the sides AB and BC of the triangle ABC. By the parallelogram o 
forces, the resultant R of these t-vo forces is represent by AU 
Hence if a third force equal and opposite to H and represented in 
magnitude and direction by CA bo impressed on the particle , is 
bound to bo at rest that is, the particle under the action of the three 
forcos represented by the sides AB, BC and CA of the triangle ABC, 
taken in order, will be in equilibrium. The statement taken in order 
means that the diction of the three forces must go round ^ tr ia D 8le 
all in the same direction, clockwise or counter-clockwise. The tnang e 
of forces can bo verified by the same apparatus as is used to verify 

parallelogram of forces. , 

Tho converse of Triangle 0 /Worses is also true and may be stated 
thus -If three forces noting at a point are m equilibrium, they can be 
represented in magnitude and direction by the sides of a triangle taken 

in order. 

Some Practical Illustrations. -The following cases illustrate tho 
principle of triangle of forces. 

A hanging Picture.—Fig 61 represents a picture suspended ver¬ 
tically by* a cord passing over a singlo naii ° and attached at tho 
noints A and B of the picture. The picture is in equilibrium under 
the action of three forces, vie., U) the weight W of the picture (») the 
tension T, of the cord represented Q 

by AO and (Hi) the tension T, of the 
cord represented by BO. 

Let ab represent tho weight W of 
the picture in magnitude and direc- 
tion. Draw be parallel to AO and ac 
parallel to OB meeting each other at e. 

Then be and ac represent tensions 1i 
and T* respectively* as the same cord 
passes round O, tensions 1 1 and T* 
are equal. If the cord is shortened, 
as indicated by ANB, the tension Fig. 61 —Hanging Picture 

increases, for the triangle abc now . , 

takes the form of dotted triangle abc. Evidently if the cord is shortened 

too mucb.ii is more likely to break. 


T, 


N 


J, 


r 

! 
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A Simple Crane.—The top of the crane (Pig. 62) is in equili¬ 
brium under the action of three forces, viz., (l) the load W hanging 

vertically downwards, (2) the 
yX''""— thrust R of the jib and (3) 
, X. the pull P of the tie-rope. 

NY^ n Y Let ab represent W in mag¬ 
pie l \ rtitude and direction ; draw 

v//A N X. \\- \<^ parallel to the tie-rope 

W X\ IIb A and ac parallel to the jib, 

Q \\ 1 meeting each other at o, 

X \\ then be and ac represent P 

1 1 - and R respectively. Thus 

Fig. 62—A Simple Crane the three forces being repre¬ 

sented iu magnitudes and di¬ 
rections by the sides of the triangle abc, taken in order, are in equi- 
brium. It is evident that heavier is the load pulled by the tie-rope, the 
greater is the thrust on the jib. So the jib rod must be very rigid and 
base of the crane must be very stout. 


Fig. 62—A Simple Crane 


37. Moment of a Force.—Let a body be fixed about a liuo or a 
point, about which it cau rotate. A force properly applied to it may 
be able to rotate it about the fixed point or the line. The tendency of 

a force to produce rotation of a body is measured by the moment of 

the force. 


Jn fig. 63 a rigid body is capable of rotating about an axis passing 
through the point O. The rotatory pffect of a force in such a case 
depends on i) the magnitude of the force and (**) line of applicition of 
the force with respect to the axis or more properly the perpendioular 
distance of the line of action of the force from the axis of rotation. 

Hence the moment of a force about an axis is measured by the 
product of the force and the perpendicular 
distance of its line of action from the axis. Thus 
if a body, whose axis of rotation is at O, be 
acted upon by a force F x and if OA be the 
perpendioular distance of its line of action from 
0« then the moment of the force is F 4 x OA. 

\ Tho perpendicular distance is called the arm of 
6 he force. It is evident then the rotation is 
increased, if the force applied is increased or if 
the arm ol the force is incroased. Thus, it bo- Fig. 63 

comes easier io open or to close a door turning about its binges, if the 
force i> applied perpendicular to the surface of the door and as far away 
from the hinges as possible, Again, the moment of a force about a point 

vanishes, if U) the force itself is zero or ( ii) the line of its action 
passes through the point. 



According to the direction of rotation, the sense of the movement 
is described as clockwise or anti-clockwise and for mathematical ex- 

Z e *?!™ 9 fche for “ er l f usually taken as negative and the latter as 
positive. In the above figure the moment ol the force F x is positive 
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and that of F a is negative. If the force and the distance from the axis 
are expressed in C. GS. units, then the moment is given in a unit of 
dyne cm. In the F. P. S. system it is expressed as poundal-foot. I he 
dimension of moment is the product of a force and distance or 

MLT' 3 x L =■ ML*T‘ 2 . 

So if a rigid body movable about a fixed point, is acted on by two 
forces, such that their moments about the point are equal in magni¬ 
tude but opposite in sense, the body remains at rest. If a ^ dy *^ u ^ 
the action of any number of coplanar forces, be at rest the 
sum of moments of all the forces about any point in the plane is ^oro. 

*38. Moment of Inertia.-When a rigid body revolves about a 
certain axis its momentum and kinetic energy may bo expressed in 
terms of its angular velocity, if its mass be replaced by a factor known 
as the Moment of Inertia. If a body be imagined to bo composed of n 

number of small fragments of masses m lt m., m* . m n , at distances 

of r tI r a , r 8 . r n from its axis of rotation, then, 


m,rS + mar, 3 + ni.r.* +.+ m n r n 2 - Smr' 

where Sm a total mass of the body. 


(38,1) 


WUOIO -"- ' 

Here Smr 2 = I - Moment of Inertia of the body about its^ axis 
of rotation The unit of moment of inertia in C. G. S. is gram. cm. and 
its dimension is ML 3 . If M be the mass of the body, then we can 
write Smr’-Mk* where the value of k depends upon the shape of the 
body and the position of its axis of rotation The value of k is called the 
radius of gyration of the body about the given axis of rotation. 

39. Parallel Forces.—Forcos, whose linos of action are parallel, 
are termed parallel forcet. Two parallel forces acting in the same 
direction are said to bo like and those acting in opposite directions 

are termed unlike parallel forces. 

(i) Two like parallel forces.-he t P and Q be AB^Tho 

magnitude ofL resultant R is evidently equal to the sum o< the two 

forces, i.e. R “ P + Q- 

The direction of the roaultant is parallel to that of either of the 

a-—" -v- kk 

such that 


P« AG-Q x BG or 


Q 


BG 

AG 


(39,1) 


.. mint O divide, the line AB internally in the inverse ratio of 

drawing aGk , 7'P ““ 

the forces, it can be shown that the moments of r ana „ 

^t^ToZL parallel to UmdirtJionTlh 0° 

greate^orco. 6 It Can'Ve Town that the point of application of the 
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resultant passes through a point which divides AB externally in the 
inverse ratio of the forces. 

Couple.—Two unlike parallel forces of equal magnitude constitute 
what is called a couple. The effect of a couple upon a body is to 

rotate it and the rotational tendency de¬ 
pends on (i) the magnitute of either of 
the forces constituting the couple, (ii) the 
perpendicular distance between the two 
forces. The perpendicular dietance is called 
the arm of a couple. 

Hence, the moment of a couple is 
measured by the product of one of the forces 
forming the couple and the perpendicular 
distance between their lines of action. This is also called the Torque. 
The moment of a couple in the anticlock vise direction is taken as 
positive and that in the clockwise direction as negative A couple 
can he balanced by another couple when they act in the same plane or 
in parallel planes and the moment of each is equal and opposite to 
that of the other. 

40. Application of Newton’s Laws in Circular Motion.— 
Newton’s laws of motion can he applied to bodies in circular motion. 

The laws may he stated thus.— 

J Every body continues in its state of rest or of uniform cir¬ 
cular ynotion about an axis through its centre of mass, except in so far 
as it is compelled by some external impressed torque to change that state. 

II. The rate of change of ajigular momentum is proportional to 
the applied torque and takes place in the same direction of rotation in 
which the torque acts. 

III. To every rotatioiial action there is an equal and opposite re¬ 
action. 


Explanation. —The first law states that a material body cannot 
of itself change its strfo of rest or of uniform circular motion If it is 
found to vovol n, ’*•- -peed 0 f revolution persists. But if the speed of 
revolution is found o ohurgo, it must have been duo to a torque acting 
unon it. Illustration of this law is obtained in continuous and 
uniform rotst'on : motion of heavenly bodies. The speed of diurnal 
revolution of t! i .rib remains the same always. 


The second ■ give* a quantitative definition of a torque or the 
turning effect of • couple. If I he the moment of inertia of a body with 
reference to its axis of rotation an 1 « be its angular velocity, then the 
angular momentum of fh * body is measured by the product of the 
moment of inertia and angular velocity. Thus the angular momentum 
is If". 


Let a body having an initial angular velocity r»be acted upon by 
a torque T for t seconds and lot its final angular velocity be a> 3 . 
Then change of angular momentum in t secs - r<o s - 
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= ~ 

t 

where, 


j*>i_ =H 

1 t 


where, <■= angular acceleration of the body, 

Thus according to the second law, T. or, T“H< 

1 n .*> L ~ U ~ fUnf. whif»n r 


Thus according to the second law, r— a, u.. . - - ••• ( 4 °’ l) 

The third law illustrates the principle «' 
mentum. Thua.it a revolvine, of momentum I.<», then 

coupled with another re\o \ in„ w hich is the sum of the two 

the total angular momentum of in any particular 

angular momenta t e , + i « w * 

direction of rotation. 

?. X T to- having a moment at inertia ot .00 lb£.‘ “ 

is —* 0,1rim 01 the 

flywheel having a radius of 0 inches. 

, _ Jr 1 , revolutions per sec. — » 

A. Initial speed = 400 revolutions per mmulc _ 3 

_ i X 3-14 — tl -80 radian/sec. 

Initial angular velocity = - 3 

Pinal angular velocity = 0 and duration ot interval , = * «• 

41-8g_ _ 8 . 37 ra aians per see. per sec. 

Angular acceleration * 5 

The, Torque T = I < - 1» X 8 -» = «S7 toot P-adah. 

Again, Far» = Torque, perpendicular = ""* —^ 

41. Uniform Motion in a , It aSyTntanTatTni poTnUu its 

be moving uniformly ,n a “ rcul » r P ^* ney to move along the direction 
path, owing to its inertia, it baa a t > y A , B, C and D 

thrown off tangentially. 'Vue ab the ond of a 

rapidly. A P'ece o Qver fche head in a eirclo 

string and is whirled d ^ hand If fche string Fig . 65 

by holding the othc d thftt fche 8tone 

iB suddenly to the circle. All these cases illus- 

flies off in a straight line tang tho circulur path remains cons- 

“t, Z ditto “t changing from point to potnt. Hence 
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there is a continuous change of velocity, as the particle moves over the 
circle. This change of velocity produces an acceleration towards the 
centre of the circular path. 

Normal Acceleration in Uniform Circular Motion. —Let a particle 
move with uniform speed v along the circumference of a circle of 
radius r and having its centre at O. Let the particle describe a 
small arc AB (Fig. 66) in a short interval of time t. 

At the point A, draw a tangent AD representing the direction of 
motion of the particle. Similarly draw another tangent BE at B. Let 
the two tangents meet at C. Cut off two equal lengths OD and CE 
from two tangents and let these represent velocities at A and B. Then 
the change in velocities during the period t in which the particle moves 
from A to B, according to triangle of velocities is represented in mag¬ 
nitude and direction by the third side DE. 

Let L AOB be 0 ; further L AOB = i DCE 

From C draw a perpendicular CF on DE. Since ADCE is isosceles 
and a perpendicular is dropped from the vertex C,— 


£ DCF = A EOF *= - . 

Now DE = 2DF = 2CD sin DCF « 2v sin 

Toie value of DE represents the total change of velocity as it moves 

from A to B. If now we assume that the arc AB 
becomes smaller and smaller until it is a very 
S7tiall arc at A, the value of DE would then 
represent the change in velocity at A. Now as 
the arc becomes smaller, 0 also assumes a smaller 
value and for an infinitely small arc sin 0 =* 0 in 
circular moasure, Thus the change in velocity 

o e 

at A ■= 2u sin- g - ■* 2t> a v0, 

Fig. fib 



ius acceleration r.t A 


change in vel oc ity 
time 


vO 

— =* yto 

c 


... (41,1) 


v here ^ is the angular velocity of the particle. 

f) 

Again LADF»160° - L DFC - /_ DCF = 90° - -- 


When 0 beeches infinitely small L ADF is very approximately 90°, 
which i eons that the direction of acceleration sonsil\Ly coincides with 
AO. Honco tho acceleration of the particle at any point in its path 
is towards the centre of rotation. This is callod nortnal acceleration. 
Since v ~ r>•>, 


Normal acceleration 



... (41.9) 


42. Centripetal Force.—Whenever an acceleration of any mass 
in a certain direction is found, it must be assumed from Newton’s 
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Second Law, that a force acts in that direction. Hence a force must be 
acting on the rotating particle in a direction towards the centre to 
generate its normal acceleration. The force, which acting on a body in a 
direction towards the centre of the circle makes it move in the circular 
path, is known as the centripetal force (Lat. Peto, to seek) because it 
always seeks or acts towards the centre. If the particle be of mass m, 
then the magnitude of the centripetal force is its mass * acceleration, 
which is mv*/r. In the experiment with the stone and the striug this 
force is exerted by the hand, placed at the centre of rotation on th ® 
revolving body through string in form of a tension towards the centre 

(Fig. 67). 

It is to be carefully borne in mind that in all cases of a ma¬ 
terial body revolving in a circular path, the centripetal force is always 
to be supplied to the revolving body in a direction towards the centre. 
The nature of this active force may be any one of the following forms 
e.g. mechanical tension or thrust, gravitational attraction, electric oi 

magnetic forces. 

Since every action has an equal and opposite reaction, the particle 
moving uniformly in a circle exerts a force, directed away from the 

centre which is called the centrifugal force 
(Lat.,/tt 0 *o, to fly). The force is exerted 
by the rotating body at the centre of the 
circular path. In the experiment of the 
stone and the string, this force is exerted 
by the Stone on the finger at O through the 
string, whereby the string is put under 
tension. It is to be noted that the cen- 





Fig. 67 


trifugal force ’is a react,,on due to the centripetal loro. . With the 
etODDage of rotation, the centripetal force vanishes and so the 
centrifugal force ceaeee to act at once. The unit and dimension of a 
centrifugal force aie similar to thorn of an ordinary force. 

i A of muss 200 K m. is tied with a thin string of length 50 cm. and is 

1. A stone of mas ccutre fixctL It * found to execute 5 

S3? inTvery'U «»nl Find the normal acceleration and the tension of the 

string. 


A. 5 rounds = 5 X 2* radians. 


• • 


to = 


10 * 


= 5* radians/sec. 


Linear speed v of the stone = re) = 50 X 5* — 250it cm./scc. 

.-. Normal acceleration = 0>*r = *»• X 50 = 1250 XH7= 12337-5 cm/sec 
Tension of the string = normal force = 200 X 12337-5 = 2407-5 X 10 dynes. 

43. Some Practical Illustration of Centripetal Forcee.-The 
following are a few eaeee of equilibrium in circular motion. 

„ A a, An planets —It is well known that the planets revolve 
*ou“ toe sun in definite orbits. For simplicity, let us assume that the 

G—5 1 
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orbit is circular and that the sun forming the central mass is fixed in 
space. Let the mass of the sun be M and that of a planet, m revolving 
■with a constant speed v in a circular orbit of radius r. 

In order that the planet may execute uniform motion in a circle, 
a centripetal force mv* !r must have to act on the planet in a direction 
towards the sun which means that the sun has got to attract the planet 
with such an amount of force. An investigation regarding the origin 
of this force led Newton to establish the universal law of gravitation, 
according to which there is mutual force of attraction between the sun 
and the planet of magnitude G * Mmjr* (Chap. IV) where G is a cons¬ 
tant This is equal to the centripetal force mv 9 /r acting on the planet. 


G Mm 

r* 


mv 

r 


a 

— whence 


M 


v*r 


G 



a,*r a 

G 


where w i 9 the angular velocity of the planet, which can be measured 
by an astronomical observation. Thus knowing r and G, the mass 
of the sun can be calculated. The example given above is one in which 
the centripetal force is of gravitational origin. 


The picture of an atom is almost a miniature solar system. Within 
an atom minute electrically charged bodies, known as electrons, keep 
continually revolving round a central positively charged body, known 
as nucleus. In such cases the centripetal force supplied to the revolving 
electrons is of electrical origin. 

All the above cases are illustrations of dynamic equilibrium ; the 
system as a whole does not change its configuration due to motion 
within it If the motion stop9, there is no centripetal force acting on 
the revolving body and the dynamic equilibrium is lost. The revolving 
body therefore comes directly to the central mass due to the mutual 
attractive forces. 


Some very instructive conclusions may be derived out of the kind 
of equilibrium stated above. If, the body while rotating in a circular 
orbit, experiences an attracting force towards the centre greater than 
that required to keep it revolving in the particular orbit, the equilibrium 
would be lost and the body would be urged towards the centre with a 
force which is equal to the difference of the attracting force and the 
centripetal force in that orbit. The revolving body, therefore, having a 
constant tangential velocity throughout would come nearer the central 
mass in a path of gradually decreasing radius somewhat like a spiral. 
But during this process of advance as the distance r, diminishes, the 
centripetal force mv*,r gradually increases ultimately when this force is 
again equal to the attracting force a fresh equilibrium sets and the body 
continues to rovolve in a circular orbit. Therefore an increase in the 
force of attraction would make the body revolve in a circular orbit of a 
smaller radius, while a decrease of force would make it move over an 
orbit of a larger radius. 

Bodies on the Surface of the Earth.—Let m be the mass of a. 
body at any point on the equatorial region P on the surface of the eartL 



ART. 43 


newton’s laws of motion 


67 


.. -j i f — u A radius of the earth in this plane 

(Fig° 68) 3 LeTthe attractive force on the body exerted by the earth be 
when both are supposed to be at rest. This is the true. weigh of the 
Lnrlv at that locality. When the earth revolves on its axis, toe Doay 
shared an^equal motion with it in a circular orbit of radius r with a 

speed v, say. « 

In order that m may revolve in a circular.orbit a centripetal (orce 
of magoitude mv'ir would have to act upon m towards the centre. 
There being no other force present, this force is derived out of the at¬ 
tractive force w Thus the apparent weight w of the body on the equa¬ 
torial portion of the revolving earth is w - mV r. The apparen wei ° 

obtained with a spring balance. Therefore he loss m 

true weight of m depends upon the speed of rotation 
Some suppose from mathematical stand¬ 
point, that this reduction is due to a 
force mv u lr, always acting on m opposite 
to the direction of w, due to its circular 
motion. But this is not actually true from 
the physical point of view. Suppose that 
the speed of m is increased to such a value 
that w-mv'ir, M will just cease to attract 
m and an infinitesimal increase in the cir¬ 
cular motion of m would throw it off tangen¬ 
tially from any point on the circular path. 

This limiting condition is the dynamic 
equilibrium between two bodies, when one 
is revolving round the other. 

For a discussion of apparent weight of the body placed at a region 

°ctp sc cb V’ l he 

Chap. IV. .J r circle * and consequently the tangential 

reduction in the weight of the bo y* 

M r f a cvolist on a Circular path.—A cyclist while 
Motion of “ eyd'^ on inolin6s hi8 body out 

takmg a bend along a 01 * cum * fch c i rcu l ar path. If the cycle 

' f 0 ih Velt rerTe ar ta a ken e alone body of mass", Lir weight »g acts 
and the ride . 69 ) through the centre of gravity (described 

vertically-downwards (I 'fi* o e ther force i8 tho reaction of the 

later) of the Byetem. Th pasEes through tho track of the wheels 
ground whose l } ae °*V thoayB tem. The resultant of these two 
and the centre of gravity necessary centripetal force generated, 

forces, for an equilibrium * aotion ca * bo ro solved into two compo- 
For simplicity. tho gro da and th6 other !>, acting horizon- 

uCtow n arde th^centm of curvature of the circular track. The vertical 




whence tan 0 


Banking of Tracks.—The level at a bend in a railroad or in a 
racing track lor motor cars is constructed a bit inclined bo that the 
outer rail is h little bigber than the inner one. The liue UL» is the 
lr>* T el of a railway track at an inclination 0 with the horizontal plane 
HJI U'ig 70). The reaction R of the rail on the wheel uiay be resolved 
into u vertical component DB and a horizontal component AD. The 
vertical component supports the weight of the carriage while the hori¬ 
zontal component supplies the necessary centripetal force mv r. 

If a 6mall can filLed with water is rapidly swung in a vertical circle 
the water will not fall down oven when the bottom is at the uppermost 

position. In the labora- . . 

tory. tine crystals in a f li & / 

liquid are collected by h t 91 a ‘I I 

putting the liquid into a •" i)' J ,• 9 

pair of test tubes held 1 ^ 5 - c . f Ul fi J ft 

in a suitable frame. As I (gs ~~~-;• -_ 1 
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9 Forth at the Poles.—The earth in its infancy 
Flattening o W o\ten matter. As the earth continued to 

consisted of a “ a98 portion of mat ter forming the earth 

revolve about its axis, y V dually increasing from the pole 

revolved .-the tangent.al > o ' D8 in « circular orbit 

to the equator, lo Keep y 1 , . ftrp ,, fcpsb ab equator and is 

a centripetal force is necessary th e poles. 8 The necessary centripetal 

gradually decreasing towards and other force3 of attrac- 

force could not be soppbed y E ^ ^ 9emi . Eolid Btage , an d as a result 
tion at the e<l ua ‘°" a 8 ® ding to move away tangentially selected a 

that portion ol matter in te g that the reduced centripetal 

,rri.s: — . <- ~~ 





Fig. 72 

brium was set up. Consequently the earth‘ fce ““® duetto gradual 

and flattened at the poles. The outer U » e " °‘*” “d h a “e taken per- 
cooling, have becomes solidified in course of time and 

manent flattened shape. , . r b u Q 

The model, as shown in fig. 71. 9h °”£ a 11 circular hoop 

earth due to rotation It cons.s s o a central rod^Sb a ^ ^ ^ ^ 

with some pieces of thin 8 * ip . n ar q which can slide up 

at the bottom and the top is attached rotation each particle of 

and down the rod. When put into slides 

the strip tries to move outwards, as deDends on the elasticity of 

down the rod ; the extent of the sbd.ng depends on a {orm 

the spring and the speed of rotation. Thus X te o p 

flattened at the ends and bulged in the middle (F,g. 72). 

Speed Governor.— This 18 11 g®{ ab e automatically t he maximum 

equilibrium in circular motion fe ? central spindle S at the top 

epeei of an engine. It consists of a vertical centra^ P Each ball 

of which two other rods KK carrying , \ 11 ^ & col i a r C regulating a 

is partially supported by a rod ^ . t ? diagram). The weight of 

safety valve of the engine (not shown in tb^diagram). ^ ^ ^ 

the balls supplies necessary ^h increases, the vortical rod being 

rts 
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force for the circular motion of the balls. When the speed increases 
to such a limit that this component of the thrust is insufficient to keep 
the balls revolving in the particular path, the balls go farther apart 
raising the collar and thereby opening the valve partially. The gas 
pressure is thus partly released and the speed of the engine diminishes. 
Such automatic governors are always fitted with the revolving system 
of gramophone turn tables. 

Examples :— 

1. Supposing the sun to be u fixed star in space, calculate its mass in tons 
weight if tlie earth revolves round it on a circular orbit of radius 93 X I0 e miles in 
a period of 365 days. [Given G = 1-060 X 10 -# F. P. S.] 


A. Angular velocity of earth to = 
Mass of the Sun = 


2ji 


365 X 21 X 00 X 60 

toV - 04. X KT”X 93* X 10“ X 5280* 
G “ 1*066 X 10** 

= 1263 X 10” lb. = 1*0 X 10” tons. 


radian/sec. = *2 X 10' 

lb. 


2. Calculate the inclination of a railway track at n bend of radius of curvature 
of 1000 ft. when the speed limit at the bend is assigned to be 45 miles per hour. 
[Given g = 3-2 F. P. S.] 



tan {> — 



Hence 0 = tan" 1 *14 


M5 m.p.h.)* 

10^) X 32 — 

= 8° approximately 


06 s 

32000 



(from tan table). 


ISAAC NEWTON (1642—1727) 

N jwton was born a« a posthumous child at WooUthorpe, Lincoln¬ 
shire, England on she Christmas of 1642. At two years of age, ho was 
left at the. manor house under the guardianship of his grand mother 
since his mother married a second time. At the ago of fifteen ho was 
taken from Grantham grammar school and employed as a farmer, but 
for his inborh philosophic temperament ho was readmitted to the school 
and in 1661, ho entered the Trinity College, Cambridge. 

The next six years of his life saw all the great discoveries. Kepler’s 
Laws of planetary motion gave him the idea that some sort of attrac¬ 
tive force must exist between any planet and the sun or a plauet and 
its moon. The simple incident of the falling apple at the manor gardon 
convinced him of the existence of some attractive force between earth 
and any material body on or near its surface. Thus he enunciated his 
famous Law of Gravitation. 

Meanwhile in 1656, the great plague swept over England and he 
was compelled to retire to WooUthorpe from Cambridge. In working 
out problems relating to gravitation, Newton found that mathematical 
equipments of those days wore insufficient to tackle the rotation betwoen 
continuously varying quantities. lie then set to develop mathematics 
and worked out the principles of Differential Calculus. He embodied all 
his findings in his immortal work “Principia” during the compilation of 
which, ho got assistance from one of his great admirers, Edmund 
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Halley, a Professor of Mathematics at Orford. The treatise appeared in 

July, 1687. 

Newton afterwards 
devoted to the study ^ 

of Ontics and his dis- sj 

covery regarding the 
composite nature of 
light is of an outstand- I 
ing character. He also 
developed a theory of 
propagation of light. 

His reflecting type of 
telescope came out in 
1668. In 1669. he was 
employed as a Professor 
of Natural Philosophy 
at the Cambridge Uni¬ 
versity. In 1672 he was 
elected a Fellow of the 
Boyal Society. Ho was 
knighted in 1705. He 
died on March 20, 1727, 
at the age of eighty-five 
and was buried at West¬ 
minster Abbey. 

[Students are re¬ 
quired to remember 
the following equiva¬ 
lence carefully]. Rela¬ 
tion between a dyne 
and a poundal—1 poundal 


Fig. 74 — Isaac Newton 

13825 dynes. 


Summary 

A force L that which, acting on a body, changes or tends to change the state 

that state p of momentum of a body is proportional to 

Second rat f 0 dircction which the force acts. 

the thcre „ ahaay, an r,nai and ^ reach™ 

. f F orC cs_ If two forces, acting simultaneously at a pom 

Parallelogram of " I ^ ^ ride of « parallelogram 

T. in magnitude and d,redan by tke d,agonal a, A 

parallelogram passing through that point. 



—— 

— 




BCglfi 

• 4 7^9 •* \ ® • 

1 ' 

£_ ; -> .y 

^ - 

1 jf>*» 
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Tr,a ” g,e °.J Forces.—// tAree forces acting at a -point, be represented in direc- 
vantkeT 1 magmtudcS by the s,des °f a Wangle taken in order, their resultant 

„ m^ ni ^° r, | n m0 :; 0I Y n J. Circ,c -— A body of mass m moving with a uniform speed 
the centre. CU ar P L ° f I * d,US T 15 Subjected to a force mv ^ r always acting tovroda 


Reference 
Art. 29 


Art. 29 


Art. 29 


Art. 29 
Art. 29 


Arts. 
29 A 00 

Arts. 
29 A- 01 

Arts. 
29 & 02 

Arts. 
29 A 32 

Art. 32 


Arts. 
80 & 38 

Arts. 88 


Exercises on Chapter III 

1. State and explain the laws of motion. 

(C. U.—1930; Doc. U.—1939, '40; U. P. 15 — 1942; Del H. S.—1952 ; 

Cf. Anna. U.—1950; P. U.—1945)" 

2. A 10 gm bullet is shot from a 5 kgm. gun with a speed of 400 
metres per second. What is the backward speed of the gun ? 

(Dac. U.—1935) 

A. 80 cm. per sec. 

3 J | A ,, forc « of 10 ° d .vnes acts on a mass of 10 gm. for 5 secs. 
Calculate the change of momentum of the body. 

A. 500 C.G.S. (Del. U.—1937, P. U.—1941) 

4. What is meant by the term force? Define the units in which 
Inc iorce in measured. 

5. A motor car of mass 400 lbs. is moving with a velocity of 30 
lmles per hour. By the application of brakes it is brought to rest in a 
distance of 40 ft. Find the average force resisting the motion. 

(Del. U.—1943) 

A. 9080 poundals. 

(i. State Newton's second law of motion and show P = m f 
D.-hne a unit of force. (Mad. U.-1951 ; Nag. U.-1950 ^ 

Pat - u.—1925. '26, '30 ; P. TJ.—1032) 

7. Explain how Newton's second law of motion mnv be verified 
experimentally. (Mad. U.-1950. '51 ; Cf. And. U.-195^ 

, r , b,UlC , Xc ' lfms ,aws of mo, ' on and explain how a carriage 

drann by n horse moves on a level road. (P at . u. 195^ 

- S!ol * N *" l ? n * s thi «l law of motion and explain it carefully 

h °" lb,s ,cads to lhc principle of conservation of momentum.’ 

(Put. U.—1953) 

10. An one ounce rifle bullet leaves the rifle with a velocity of 
Jt. per second the rifle lending to recod with a velocity of 2 ft 
t »r second. Fmd the ».«s of the rifle. Explain the principle empfeyJd! 

A. ,h. (P ' U - 1930) 

H. Define impulsive force and explain how the impulse of an 
impulsive force » measured. (Nag. U.-1951 ; Cf. Utkal.-IL-195D 

12. A smooth sphere of mass m impinges obliquelv on a fixed 
honzonUd^plane. If the coefficient of restitution be e, find the vel«Sty 
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and direction of the sphere after impact. Find also the impulse of the 
blow. 

If the masses of two balls be as 2 : 1 and their respective velocities 
in the same line before impact be as 1 : 2 and in opposite directions and 
c be 5/G, show that each ball will after impact move back with o/6 of 
its original velocity. (Nag. U. 19 j2) 

13. Show that two spheres will interchange their velocities, if they 

are of equal mass and are perfectly elastic. 

M (Utkal. U.—1951; Pat. U.—1953) 

14. State, explain and prove the principle of the parallelogram of 
forces. 

The wind blows from a point intermediate between north and east. 
The northerly component of its velocity is 5 miles per hour and the 
easterly component is 12 miles per hour. Find the total^elocity ^ 

A. 13 miles per hour. 

15. Four forces act at a point. The first is of 500 dynes acting 
due south the second of 50 dynes acting due west the third of 400 
dynes due north and the fourth of 100 dynes acting due east. What is 
the magnitude and direction of the resultant force 

A. 112 dynes in a direction 08° 2G* S. of E. 

10. Enunciate the law of parallelogram of forces and describe 
an experiment to verify it. (Anna. U.—1950 ; Mad. jj-— 

17. Explain why it is easier to pull a lawn-roller^ than to pusl^it. 

18. Explain with the aid of u diagram the flight of a kite. 

(P. U.— ivxif Ulj 

19. Enunciate and prove the proposition known asthe triangle of 

# (Nag. U.—1952) 

forces. 

20. Show that the resultant of two forces which act at a point 
diminishes os the angle between their lines of action increases. 

Three forces in equilibrium act perpendicularly to the sides of a 
triangle ABC. Show that the forces are proportional to Sin A. Sin B 

and Sin C. tAn<l U - 1952] 

*1. A uniform bar AB ia 4 ft. long and has weights of 10 ib. and 
*0 lb. hanging at 1 ft. and 3 ft. from the end A. If it balances at a 
point 1 ft. 0 in. from the end B, what ,s the weight of the non bar f 


A. 10 lb. 

» D ' fi " e m< " ne " t °' 1 ‘("CuiorcJ: P. U.—1030) 

23 If a stone held by a string is whirled around uniformly in a 
horizontal circular path, find an expression for the acceleration which 
U produced. (Del. U.-1D0O ; C,. C. U.-lOl*;^. P. U.-19S1 . 


Reference 

Art. 83 

Art. 34 

Art. 84 

Art. 84 

Art. 85 
Art. 85 

Art. 80 

Arts. 
84 & 80 

Art. 89 

Art. 87 
Art. 41 
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Reference 


Art. 41 


Art. 4 a 


Art. 42 


Art. 41 


Art. 4 B 


Art. 48 


Art. 43 


Art. 4 3 


Calculate the angular velocity in radians per second of a particle 
which makes 300 revolutions per minute. What is the linear velocity 
if the radius is 4 ft. 

A. lOn: radians/sec. 40.t ft./sec. (C. TJ.—1944) 

24. A body of mass 77 gm. travel in a circular path of radius 
70 cm. with a uniform speed of 23 cm. per sec. What is the force 
that must act on the body to maintain the motion ? 

A. 581*9 dynes. 

25. What are the centripetal and centrifugal forces and what are 
their relations with a body moving on a circular orbit ? 

(Del. H. S.—1951 ; Del. XL—1950; P. U.—1932; C. U.—1939 ; 

Cf. And. XL—1951 ; Cf. Pat. XJ.— 1952) 

20. A stone of mass m is moving round a horizontal circle of radius 
r with a uniform speed v. Show that the force acting on the stone is 
viv~fr . What is the direction of the force? (Del. XJ.—1942; 

Cf. Pat. XJ.—1952) 

27. A stone weighing 0 lb. is rotated in a circle of radius 1 yd. 
with a speed of 10 ft./sec. Calculate the centripetal force in pounds 

weight. 

A. G-25 lb. weight. (P. U.—1951) 

23. Explain tlie following statement bringing out the scientific prin¬ 
ciples invol\cd. “(f n small can filled with water is rapidly swung in 
a vertical circle, tho water docs not fall down.” (XL P. B.—1941) 

29. A motor racing track is in the form of a circle of diameter 
400 yards and is banked so that the reaction between the wheels and the 
ground is normal to the track when the cars are travelling at 00 miles 
an hour. What is the slope of the track. If a car has a mass of 1 ton, 
what is the centrifugal force on it when going round this track at 60 
miles per hour ? 

A. Tan" ,# 403; 2-S9 X 10 4 poundals. 

30. A cyclist riding at a speed of 15 miles an hour takes a turn 

round a circular bend of radius 44 ft. What is his inclination to the 
vertical? ((J = 32 ft./sec 2 ). (Pat. XJ.—1952) 

A. tun" 1 v\. 

•i. 

31. Enumerate the external forces which arc acting on a bicycle 
and its rider when going round a curve, on a level road, with uniform 
speed arid show how the acceleration is produced. Illustrate your 

answer with a diagram. 

Calculate the angle which the bicycle and its rider must make 
with t be vertical when going round a curve of 22 ft. radius at 10 miles 
an hour. What is the least value of the coefficient of friction between 
the tyres and the road which will prevent slipping? If the bicycle and 
the rider have a mass of 200 lbs. what frictional force must the ground 
exert on the wheels ? (Gau. U.—1953) 

A. tan” 1 ynj ; ; 61 i lb. 



CHAPTER IV 


GRAVITATION AND GRAVITY 

44 Sciences in Ancient India.—During the period from the 
second century to the twelfth century A.D. there was a marked progress 
in India of the observational astronomy and its allied calculations. 
Although there is no systematic record of the observational data, but 
from the results of the calculations, it reveals that Hindus of anuen 
India were in a very advanced stage in Astronomy, Medicine and 

Mathematics. 

Of those who came to the forefront in Astronomy, the names of 
Arya Bhatta, Brahma Gupta and Bhaskar Acharya aro most prominent. 
Arya Bhatta, a Hindu astronomer, observed in bis Tantra sometime 
fifth century A.D. that the planets revolve round the sun in elliptic 
orbits. Ho calculated the periods of revolutions of the planets such as 
Mercury. Venus. Earth, Mars. Jupiter and Saturn. His results have 
been found very nearly correct by modern astronomers. He also i*- 
covered that the earth is round and that the day and night effects on 
the earth are due to its diurnal motion. His finding were later on 
verified on telescopic observations by Kepler early in 17th century. 

The greatest exponent of Hindu astronomy, Bhaskar Acharya 
flourished during 12th century. He compiled one treaties hiddban . 
Shiromani", which deals with various aspocts of Astronomy am 
Mathematics. Hero be calculates the possible height of the atmosphere 
which came out to be about 12 jojans (about 55 miles). The mo 
astounding of all is his discovery of gravity and gravitation, which 

he explains in the following linos , 

“Whenever any object appears to fall to the earth, it is duo to t ie 
... thfi earth on it. It is this mutual attraction between 

heavenly bodies which does not allow any one to leave its ro ^ 0 “ fcl ™ 
positions or orbits." This law was independently discovered by Newton 

in the later part of 17th century. 

Such was the ancient glory of India, which faded firadua 1 y frotn 
the 13th century and became nearly extinct within the next four hundred 
years This dwindling of Scientific culture was due to lack o he ^support 
of the State and co-ordinated enterprises to form schools of thought. 

45 Law of Gravitation. —Johaan Kepler, after a continuous 
study of a motion of planets round the sun, ca.no to 
that the orbit 'JLSMotion. 

Nowton a in OD a 6 o attempt to explain the laws discovered the Universal 
Law of Gravitation, as stated below._ ___ 


nil * ar ***1 1 


nft ® unfair <8 5! 
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Every -particle of matter in the universe attracts every other particle 
at all distances and in the line joining them, -with a force -which varies 

directly as the product of there masses 
and inversely as the square of the dis¬ 
tance between them. 

Fig. 75 If F is the force of attraction be¬ 

tween two bodies of masses m and 
m placed at a distance r from each other (Fig. 75),— 

1 


then 


F« mm' also F 



mm 


or F = G 


mm 


(45,1) 


where G is called the gravitational constant, which is independent of 
the nature of bodies. If we consider two bodies, each of unit mass and 
placed at a unit distance apart, the force of attraction between these 
bodies would obey the inverse square law. Then according to 
eqn. (45,1). 


If m “ in “ 1 and also r — 1, then G = F. 

In other words, the gravitational constant G is numerically equal to 
the force of attraction between two bodies, each of unit mass and 
placed at a unit, distance apart. The value of G, as accepted at present, 
is 66576* 10' 8 C. G S. unit, which was first accurately obtained by 
G. V. Boys in 1895. The determination has been carried to a still 
higher degree of precision by Heyl. 

46. Determination of Gravitational Constant.—The first di¬ 
rect determination of G was made by Henry Cavendish in 1798. The 
apparatus consisted of a thin and light rod R of length of about 8 ft. 
from the ends of which two small identical lead balls bb of 2 inches in 
diameter, were suspended (Fig. 76). The rod was also suspended by a 
torsion wire FC from a sup¬ 
port. Two large lead balls 
BB, each of 12 inches in 
diameter, could be placed on 
opposite sides of the smaller 
ones at equal distances, bo 
that the centres of all the 
balls were on a horizontal 
plane. When the bigger 
balls weie so placed as 
shown in the figure, the 
smaller hall was attracted by 
the nearer bigger hall due to 
gravitational pull in a hori¬ 
zontal direction joining the centres of the respective balls. 



The principle of measurement ie as follows. The bigger balls ar& 
at first placed far away so as not to affect the smaller ones and the 
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position of the suspended rod is read with reference to thescaieS. T e 
the larger balls are placed in position as shown, at equal distances from 
the corresponding small balls. Due to the attraction on the two small 

balls, a couple is exerted on the rod and tins couple moves the rod 

through a small angle twisting the suspension wire t he 

rotation can he measured by knowing the length of the rod and the 

amount of its movement on the scale S. 

If d be the distance between the centres of a large ball and the 
corresponding smaller one. M and m the masses of the oalls. then 

the attracting force at each end of the rod is The two equal, 

parallel and oppositely directed forces constitute the deflecting couple on 

G ynM 

d * 

the rod. If the rod is deflected through an angle 0. then the restoring 
torque due to twisting of the wire is T0, where T is the torque per 
unit twist. Thus for equilibrium. 


the rod whose moment is 


x l where l represents the length of 


G% a T0 whence G 
a 


T 

Mml 


(46.1) 


Thus knowing all the terms on the right hand side of the equation, 
tho value of G may be found. 

Examples :— 

1. Ia one of Cavendish experiments each of the ‘.^f^fb^ each o? 
of SO Kgm. and was placed 40 cm. from the X 

siloes Found * bn -IS mm. If the storing torque of the suspend fibre be 
760 dynes per radian, calculate the gravitut.onal constant. 

U « be the angular deflection of the suspension rod, then aecordurg to the cond,- 

linear deflection of one end n "015 _ jq-a 
tion of the experiment tan 0 «'haif^h^i^ngth of the rod 

The value being so small, tan o “ 0 *= 10‘ 4 radian 
According to the eqn (40,1) 


160 


G- 


T Od 


750 X 10- 4 X 40* „ 75 X 16 X10^. 0 . 0(J x 10 -« C.G.S. unit. 

”■ 7 :* in* onn v- S00 180 X 10 T 


- Mvd " 30 x 10* X 200 X 300 , 

*• Calculate tl, gravitational * 

M iKiS bV h “ide G wTtb their Sutras of mass . ft. apart. Calculate 

the gravitational pull between them. 

A. 1 lb. = 453-60 gm. and 1 foot = 80*48 cm. 


F = 0*0570 X 10~* 


453*50 X 453-60 


0-0570 X 10^ 


dynes — 13825 

pouudal = 1•0072 X 10^ poundal 


30-48 X 30-48 

453-60* 

30-48* 

, u rt» <*xnressed in lbs. and distance in feet, the value of 

Thus when masses are expres&ca 

G = 1-0072 X 10** F.P.S. unit. 
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According to the condition of problem, nu — vu = 140 and r = 2 ft. 

140 s 

F = 1-0672 X 10-° X -gr- = 5-3 X 10“* poundal. 

47. Gravity.—Gravitation is a general term, indicating the force of 
attraction between any two bodies. In the particular case, between 
the earth and some object lying on or near the surface of the earth, 
the force of attraction is termed gravity. As the mass of the earth is 
very very large in comparison to the mass of any terrestrial object, 
earth’s attraction predominates and due to the mutual attraction, the 
object is pulled in a direction towards the centre of the earth.* If the 
mass of the earth be M, the mass of an object on or near the surface 
of the earth be m and if the distance between tbe centres of earth and 
the body be d .— 


Mm 


Then the force of gravity F — G 


... (47,1) 


It is due to this force of attraction that all bodies show their 
weights and tend to fall downwards. For a similar reason a plumb line, 
which consists of a long piece of thread with a bob at one end, when 
suspended, is attracted towards the centre of the earth and it hangs in 
a perfectly vertical line. 

Acceleration due to Gravity.—We know that a force acting 
on a body produces acceleration on it. So the force of gravity produces 
acceleration on all bodies falling towards the surface of the earth. 


From eqn. (47>l) force of gravity F on a mass ■=* 

F GM 


Acceleration produced ou the mass— 0 a — 

m 


d* 


(47,2) 


Tbe aceleration due to gravity is usually represented by the letter 
g . As G and M are constants, the value of g remains coustant, so 
long as d remains the same. Remembering that d is the distance 
between the body and the centi'e of the earth, the value of 'g' is constant 
at all equidistant places from the centre of the earth. The value of g at 
auy place can bo determined by Atwood’s machine or more accurately 
by a pendulum. 

Variation of g .— It is evident from eqn. (47,2), that g at any 
place varies inversely as the square of its distance from the centre of 
the earth. Hence the value of g, depends upon the height above the 
sea level. But the variation in g for ordinary differences of height is 
inappreciable. Again owing to the fact that the earth is not perfectly 
round, ail poiuts on its surface are not at equal distances from its 
centre,—the equatorial radius is the longest while tbe polar radius 
is shortest. Hence tbe value of ’ g' varies slightly with the latitude of 


on or 


* In considering the gravitational effect of the earth upon bodies lying 

outside its surface, the whole mass of the earth may be supposed to be concentrated 
at its centre. 
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the place on the surface of the earth. It jfa least at the equator and 
gradually increasing becomes maximum at either of the poles, inis 
fact was first verified by Edward Halley, a British astronomer by a 
pendulum in 1677, during his voyage from London to St. Helena. 1 
variation over the earth’s surface, however, is very small ; the value oi 
„ at the equator is about 978 cm. per sec 2 and that at the poles is 
about 983 cm. per sec *. The mean value of g is taken to be> 981 c • 
per sec. 1 * or 32'19 feet per sec. a at latitude 45 and at sea le\el, whic 
is accepted as the standard of reference. 

48. Weight of a Body.—The weight of a body is due to the 
attractive force on the body by the earth If the mass of the body is 
increased, it is evident from eqn. (47,1) that the force of attraction 
would increase in the same proportion . Hence the weight of “ f ™ 
a place is proportional to its mass. Again force - mass * acceleration , 
bo the weight W of a body of mass m is gi\en by, 

W -mg ••• l 48 ’ 1 ' 

Mass and Weight.-The word weight’ is sometimes ‘oosely used 

to denote mass of a body but mass of a body is Iihe quantity of matter 
contained in it while weight is the force with which it is attraote 
towards the centre of the earth. The mass of a body remains constan 
at all places but its weight varies very slightly from place to p ace 
trJSZ'JSto* with the variation of The variation in the 

weight of a body is dealt with elaborately in next Art. 

Gravitational Unit of Force.-This is the force with which a 
unit mass is attracted by the earth towards its centre and is equa 
the weight of a unit mass. 

Hence in the F. P. S. system, the gravitational unit of force 
-the weight of 1 lb - 1 *»= 1 x 32*19 or 92 2 poundals. 

In the O.G.8. system, the gravitational unit of force 
- weight of 1 gm. = 1 * (/ “ 1 K 9S1" 981 d y neB * 

1 dyne-weight of 1 milligram nearly. 

• lib wt.-(/Poundals. Also 1 gm. wt. = (7 dynes, or we can 
say that a gravitational unit of force - * * absolute unit of force. 

So m lb wt. - my poundals and m gm. wt .-mg dynes. 

Again 1 voundal - ^ * wt. of 1 lb ‘ swt - of 32 2 0z ' 

~ Wt. of half an ounce nearly. 

As the value of g varies on the surface of the earth, the gravita- 
tional unit of force is not constant at all places. 


b j „ f vrisr. ‘u^r^caicu^ r; d thJ 

to rest and (b) the distance it "ill travel in stopping. U.—1051) 
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A. Mass of 1 ton = 28 X 4 X20 lb. and a force of 28 lb. = 28X 82-2 poundals. 
/. Retardation / of the car is obtained from the relation, P = mf 


or, 28 X 82-2 = 28 X 4 X 20 X f whence 

(a) Initial velocity of the car = 80 m.p.h. 
final velocity is taken to be zero. Hence, 


32*2 
* ~ 4X20 


ft. per sec.*. 


= 44 ft. per sec. When at rest. 



32*2 

80 


t 


whence 


t — 109*3 seconds. 


QO • O 

(b) 0* = 44 9 — 2 X sj: - X s whence 

80 


i = 2405 ft. 


49. Variation in the Weight of a Body.—As the weight of a 
body is proportional to g, it varies from place to place on the surface of 
the earth and at different altitudes. 


(l) Weight of a body at a Height above the surface of the Earth ,— 
If the mean radius of the earth be r and its average density is P, then 
the mass M of the earth is equal to the product of its volume and 
density. Thus, M s =% n r 9 p. 

Let a mass m be placed at a height h above the surface S of the 
earth (Fig. 77). The force of attraction due to gravity of the mass 
or the weight of the body is given by 



G 


yr 


mM 

-rh)* 


(49,1) 


Let the acceleration due to gravity at a height h bo g/,, 

on - F - r x * nr * p 

Then 


... (49,2) 


Hence the acceleration due to gravity and consequently the weight 
of the body decreases with height from the surface of the earth, being 
inversely proportional to the square of the distance of the body from 
the centre of the earth. Thus at a height of 4000 miles above the 
surface of the earth a body would weigh * of its normal weight. At 
the top of a mountain 4 miles high a mass of 1000 gm. would weigh 
about 998 gm. 


• m 




Fig. 78 


(2) Weight of a body at a Depth below the surface of the Earth — 
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Let us take a body of mass m, say at the bottom of a mine at 
a depth h below the surface of the earth (Pig- 78). Let r be the 
mean radius of the earth. Imagine a sphere, concentric with the 
earth, to be drawn with a radius equal to (r - h). The earth may now 
be considered to be divided into two portions—one, an inner sphere of 
radius (r - h) and the other, a hollow outer shell of thickness h. Then 
the given body lies on tho surface of this inner sphere but ju9t inside 
the hollow outer shell. 

As the gravitational force inside a hollow shell is zero, the force of 
attraction due to this portion of the earth is nothing. Hence the 
force of attraction on the given body would be only due to tho inner 
solid sphere of radius (r-h), being directed towards tho centre of tho 
earth. 

Now mass of the inner sphere - g^(r - h)*p 

the force of attraction on m due to this sphere which is also 
the weight of the body at this region is given by,— 

F-GWr-h)Vx ( 7^jr-i"G(r-k)pm ... (49,3) 

So the acceleration due to gravity g,/ at a depth h is given by 

qd = — - $*G(r - h)p. ... (49,4) 

771 

Hence the acceleration due to gravity inside the earth varies directly 
as ifcs distance from the centre of the earth. Thus, if we go farther and 
farther inside the earth, the value of g gradually decreases. Hence, at 
the centre of the earth, tho acceleration due to gravity is zero and there 
is no weight of the body. 

*(3) Variation in the weight of a Body with different Latitudes on 
the surface of the Earth .—The weight of a body varies with latitude 
on the surface of the earth for two reasons : — 

(i) The peculiarity in the shape of the earth. 

(u) The rotation of the earth about its axis. 

The radius of the earth is longest at the equator and it decreases 
continuously with latitude becoming least at the poles. The polar radius 
is less than the equatorial radius by about 13* miles. Consequently, 
the force of gravitational attraction is greatest at the poles and least at 
the equator, and so the weight of a mass increases from the equator to 
the poles in the same proportion. 

Again, owing to the diurnal rotation of the earth about its axis, 
every body on its surface revolves in a circular orbit. Wo also know 
that for a circular motion to take place a centripetal force must have 
to act on the body. A small part of the gravitational force of the 
earth is utilised in supplying the necessary centripetal force. The 
former thereby falls short of the required amount. Therefore the 
observed weight of the body is less than its true weight. 

G-Q 
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Due bo the diurnal rotation of the earbh about its axis, a point near 
the pole describes a circle of smaller radius than one near the equator. 
Suppose that NS represents the polar axis of the earth (Fig. 79). Since 
rotation of all parts is completed in one day, a body at a point P near 
the equator would move on larger circle than a body at a point Q nearer 
a polo. So the former would move with a greater linear speed. Hence 
the centripetal force is greatest at the equator and zero at the poles. 
Therefore the loss of weight due to the diurnal rotation is least at. the 



I 79 Fig. 80 

poles aad greatest at the equator and so the observed weight of a body 
is greatest at the poles and ieast at the equator. Thus for both 
the causes, the weight of a body increases token taken from the equator 
to the pole:;. 

The actual variation in the weight of a mass with latitude due to 
diurnal ro ition may be found from the following considerations. Get 
a mass ?n lo placed on the surface of the earth at a region Q at 
latitude '-(Pig. 79). The mass vi is undergoing a uniform circular 
motion vvith centre T, NS being the axis of the earth with centre O. 
1; r -.s the radius of the earth, supposed to be constant for the present 
purpose, tv 1 > the angular velocity of the particle at Q in latitude 

thou l ;,o • ntripetal force necessary to revolve it is given by, 

*QT J mW*r cos /. 

1 i;: "0 ie an enlarged diagram of the component forces : QX 

ropvos. nts the centripetal force and QO, the gravitational force G~— 

r a 

ma: ing an angle ?. with QX or OZ. On completing the parallelogram 


Fir 


QZOX, we got, QZ + QX - QO or, QO - QX *=■ QZ. 

The component QZ which represents in magnitude and direction the 

apparent, weight of the mass w at Q, may be found in a convenient 

manner by reversing the component QX along QY. Then QZ forms 

the resultant force due QO and QY which are inclined to eaoh other at 
an aimle lbO -A, v * 
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Thus QZ = y'QO a +QY a -2QO.QY cos >■ 


m 




GM\ 


+ a>*r*cos 9 ^ _ 2^— (L>V cos 2 A 


GM 
r 


•=*mg' t eay and writing g 


GM 
— 2 » 


Jo 


g - VfT " 2flf<w*r cos 2 A + « 4 r* cos 2 A 
Since the angular velocity co of the earth s rotation is of the order 
of 10 -4 radian the term containing c° 4 may be neglected. 

T , 2co*r coB-Jli 
Hence 0 — 0 1 “ 2 J 

— ^ - co*r cos* ^ approximately ••• (49.5) 

If q = inclination between the real and apparent gravitational forces, 
then from the AQOZ, 

m r ^r co b A ai n A ^ co a r cos A sin A (49,6) 

fcan 6 “ rng-m^r cob 2 A* g - co*r cob*A 

The variation in the weight of a body at different places cannot 
however, be detected by a common balance for the body as well as t o 
•weight' used are equally affected due to the variation of g- It cam 
however, be detected by means of a very delicate sprtnff fcofnnce, for t 
body being attracted by the earth w.th different forces at different 
places would cause the pointer to come to different positions 

tho dial. 


Examples :— 

*• :°^yZ ! z n tiurjt: 

^ C U,e°r„iId at latitude «• due to effect of earth s rotation bind also 
“““ndiimtlon hetiveeu tl. real and apparent gravitational forces at latitude to . 

A. Since o. =|'and T for earth is 21 hours. 


_ 2 X 3* 14 .Q0007200 rudiun per sec. 

“ 21 X 00 X 00 

r = 4000 X 1700 X 3 X 12 X 2-34 cm. 
g — 982-2 cm. per sec* and A — 450 • 

Thus from cqn. (19.5) 

/ = 982-2 - • 00007200“ X 4000 X 1700 X3X12 X 2*54 X cos*45° 
= 982 2 — 1-7 = 980-5 cm/sec* ut latitude 45° 

Again, at the equator ?. = 0 

. </ = 982-2 - •00007200* X 4000 X 1700 X 3 X 12 X 2-54 
= 982-2 — 3-4 = 978-8 cm/scc* 

1 • 7 

At latitude 45°, let 0 = inclination, then tan 0 - = ' 0017S1 

whence 9 = 0' approximately. 

4 
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50. Law of Falling Bodies.—When a body falls freely from 
rest, subject only to the action of gravity, then for all practical pur¬ 
poses, (the height not being too large) the acceleration due to gravity 
may be assumed to remain constant throughout the fall. Then the 
motion is governed by the following simple laws :— 

(2) In vacuum , all bodies starting from rest, fall 
with equal rapidity. 

(5) The velocity, acquired by a falling body in a 
given time, is directly proportional to the time. 

(3) The space traversed by a falling body in a given 
time is directly proportional to the square of time. 

Analysis of the Laws.—The first law seems contrary 
to our common observation, as a heavy body appears to 
fall to the ground more quickly than a lighter body, when 
dropped from the same height. Galileo first showed in 
1589 by dropping balls of different sizes and materials 
from the top of the leaning tower of Pisa, that they reached 
the ground in practically the same time. He pointed out 
that the slight observed differences in the rate of fall 
between a light and a heavy body were due to the resis¬ 
tance offered by the air. He then argued that all bodies 
would fall at the same rate, if the resistance due to air could be 
avoided, and stated the laws as $bove. After the invention of the air 
pump in 1050, the law was conclusively verified by Newton in the well- 
known guinea and feather experiment. 

Guinea and Feather Experiment.—A glass tube, about a metre 
long with a cap screwed at one end and a stop cook at the other, is 
taken (Fig- 81). A small coin and a piece of paper are introduced into 
the tuba. The air is thou exhausted from the tube by an air-pump and 
the stop cock is closed. On suddenly inverting the tube, the coin and 
paper are found to be falling together and reach the other end simul¬ 
taneously If air is now reintroduced by opening the stop cook and 
the tube is inverted, the two are found to fall separately, the coin 
reaching earlier. The experiment was originally done with a guinea and 
a piece of feather within the tube and hence the name was derived. 

When a body falls freely through a height h in the time t, then 
h “ t*. Thus, if the body falls through a height x ft. in the 1st second, 
the height fallen through in the 2nd., 3rd., 4th., etc., seconds are 
4s, 9s, 16s etc., respectively. According to the second law if v be the 
velocity acquired in falling for a time t, then s* t. Thus, if the velocity 
attained in the 1st second be v, that in the 2nd, 3rd, 4th seconds, 
are 2t>, 3i>, 4u, etc. respectively. The laws may be verified by experi¬ 
menting with Atwood's machine or Inclined Plane. These laws also 
follow from the Equations of Motion given in the Chapter II. 

51. Vertical Motion of Bodies due to Gravity —When a body 
falls vertically downwards, then provided_the distance fallen through iq 
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not very large, the acceleration g due to gravity may be supposed 

uniform. . , , 

Bodies projected downwards.—If a body is projected downwards 

with a initial velooity u then,— 

Velocity v after a time t =*u + gt ) 

Height h fallen through = ut + -hgt* r ••• 

and hence t> 2 •=%* + 2 gh ) 

If the body starts from rest, then u = 0, and 
So v^gt ie, v*-t ...2nd Liw. 1 
h = ?gt*ie., h»t*... 3rd Law. J 

Bodies projected upwards.—Here the acceleration duo to gra¬ 
vity is opposite to the direction of motion and is so taken to be 

negative. 

Hence v — u- gt , . . 

h-ut-\gt' > - (51.3) 

v 9 -u*-2gh 


... (51,2) 


When the body reaches the highest point, its velocity becomes 


zero. 


• • 


From (51,3), time to reach the highest point, t - - ... (51,4) 


The time to reach the ground from the highest point is also u!g. 
Therefore the total time of flight is 2 uig. 

If h is the maximum height 
reached by the body. 

0 *= xl 1 - 2gh or h “ ^ ...(51,5) 



Fig. 82—Atwood's 
machine 


Verification of Laws of Falling Bodies.— 
Equation of motion as given in Art. 51 can bo 
verified by means of an Atwood s machine of 
which a simpler typo has been described in the 
Intermediate Practical Physics by J. Chattorjee. 
A more improved form is shown in fig. 82, which 
consists of a stout metal rod fitted vertically to a 
rigid support. The top of the rod carries a pulley 
P which can turn very freely without any friction. 
A specially made paper tape T runs over the pulley 
and carries two equal loads at its ends. Small 
additional loads can be put on either loads to make 
one heavier and hence to start the motion of the 
system. A metal reed M carrying an inked brush 
at its end is clamped to a cross-piece F. This reed 
when once swung through a small raDge always 
maintains a fixed period of vibration. 

To verify the law, that for accelerated motion, 
v x t, a small additional load is put on m* and 
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the combined load is raised and placed upon the clamp C at any. 
suitable height. The period of oscillation T of the reed is known from 
its specification or may be found out by comparing its vibration with 
that of a standard chronometer. 


The brush is inked and the reed is made to vibrate on the paper 
tape. The brush moves to-and-fro over a line at right angles to the 
length of the paper. The clamp G is released and 771 a is at once found 
to descend, while on the paper tape a wavy curve as shown in fig. 83 is 
traced by the inked brush. The curve becomes longer as the load m 2 
descends more showing at a glance that the speed increases continuous¬ 
ly. Each complete curve as that between a and b marks a unit of time 
i.e., the time T of vibration of the reed. The tape is taken out and 
placed on the table. Count a number of such eurves, say n, from the 
beginning. The time t from the start of the load to the termination of 
count is nT. Measure the straight length of a complete wave about 



this point, which i9, say l. Then the average velocity v at 
this point is 1/ T. Take various intervals and the correspon¬ 
ding velocities. It would be found that in each case that, 


rf. « nT or 


l 

7lT U 


constant. 


Since T for a particular length of the reed is constant l/n 
is constant which verifies the law. 

To verify the law that in an accelerated motion of a 
body, s^t~, the experimental procedure is the same. 
Measure a leugth s covering a few wavy curves from the 
start. Count the number of complete waves in this length , 
lot it be n. Then the time to cover this distance is nT. 
Measure a few lengths and count corresponding times. 
It would be found that in each case, 


* 5 

s ° t?l “T i or = cons ^ aa ^’ 

To measure "g \—From the second part of the experi¬ 
ment. it easy to measure the acceleration of the system. 
W e know that for a system starting from rest and moving 
with uniform acceleration, s *= £ ft*. Hence acceleration / 
is 2 s t J or 2s n J T“. If the small additional load put upon 
m c of iniiss vi, then the downward force exerted by this 
loud is r rig. If the total mass including 7n lt m a and w bo M 

Then M/-=* mg or, g — 

m 

This apparatus may also be UBed to study the uniform 
motion or oven to verify the conservation of momentum 
of two bodies. 


Pier R8 5w l A Body *' ro .l«eted horizontally.—Let a body be 

projected from O with a uniform velocity 74 along OX 
U<ig. 84). As soon as the body leaves O, it is subjected to the uniform 
acceleration g due to gravity acting vertically downwards, along OY. 
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Let the positions of the body at the end of successive seconds 
be at P lt P 3 , P 3 , etc. if it were moving along OX with a uniform 
velocity u alone; then OPi “ PiP 3 = PsPa = u - ^ the body starts 
from rest at O and moves with uniform acceleration g, its positions 
along OY at end of successive seconds would be respectively 
at Qi, Q 21 Qsi such that 0<& - i<7 * 1°, OQ. “ *0 * 2 s , OQ 9 - \g * 3 . 
etc. Hence due to the two motions combined, the actual position of 
the body at the end of the first second will be at which is the end 
of the diagonal ORi of the parallelogram O PiRiQi ; similarly, the 
actual positions of the body at the end of successive seconds will be at 
R a , R 8 , etc. Taking the intervals to be very small, the actual path of 
the body will be along the continuous curve ORi R S R S .«. 

It can be shown that the path described by the body is a parabola. 

The horizontal distance travelled in time t is given by 

a; «= ut ••• (l) 

The vertical distance fallen through in the same time is 

••• ( 2 ) 
a x 1 

Eliminating t from (l) and (2), y “ £ * ^5 

... (52) 

which represents a relation of a parabola 
in x and y. 

The path of the body projected in 
direction making an angle with the horizon¬ 
tal plane is also a parabola with its vertex 
at the top-most position. Of course, we 
assume here that the resistance it encount¬ 
ers with air during its fiight is negligibly 
small. The projected particle is called a pro¬ 
jectile and its path is termed a trajectory . 

The path of a cannon ball after it has left 

the muzzle of the gun or of a bomb dropped .... , 

from an aeroplane moving horizontally, furnishes instances of pro- 

jectiles. 

. — 1 7 • • 

Examples t— " 

1. A stone is dropped from n tower with no initial velocity. It is observed to 
strike the ground after 3-5 seconds. Find the velocity of impact and the height u! 
the tower, [given g = 32 F. P. S.J 

A. Here u = 0 , g = 32 and t = 3-5 = \ sec. 4 

.*. V = u + gt = 32 X 8-5= 112 ft * /seCl 

Again A = ut + */*•■=* X S*X V = 100 ft- . 

2. A body dropped from a balloon at rest clears a tower 81 ft. high during the 

last quarter second of its motion. Find the height of the balloon and the velocity of 
the body when it reaches the ground, (g = 32 ft. per sec. per sec.) ^_ 1050 ] 



Fig. 84 
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A. Let t be the period of fall ill seconds. Since tlic body falls from rest, the 
initial velocity u = 0. If s be the distance fallen through in t sec. Then, 

s = i ^ = 10X4’ .. (1) 

Again if Si be the distance fallen through quarter of a second earlier. 

Then, f 8 --|-+-A y§*lQt*-8t +1 ... (2) 

whence t = 10i seconds. 


Thus S = Igt 2 = 16 x — = 1681 ft. 


But S — Si = 81 ft. = St — 1 

41 a 
4 

Again final velocity v = gt = 32 X 10± = 328 ft./sec. 

3. It is required to pierce a war balloon at an elevation of i mile by means of 
u rifle bullet fixed immediately under it. If, to pierce the balloon, the bullet must 
have a velocity of 10 ft. per sec. on reaching the balloon, with what velocity must 
it leave the muzzle of the gun? Given g = 32 ft./sec. 3 (Pat. U.—1032.; 

A. Let the initial velocity of the bullet = u ft. per sec. 

Height altainer by the bullet = i mile = 1320 ft. 

From eqn. (67.3), 40 9 = u‘ — 2 X 32 X 1820 

• Whence u* = 86080 or u = 293-4 ft. per sec. 


_y.o '> , oncs are projected vertically upwards at the same instant. One 
ascend* j ; 2 I', higher llinu the other, and returns to earth 2 seconds Inter. Find 
the velocities of projection of the stones, t <7 = 32 ft. per sec. per sec.) 

(C. U.—1933) 

A. Lei. the velocities of projection of the stones be Ui and tia respectively. 

.if !’■_ and he be the maximum heights attained by the stones, then from eqn. 

•• 

u-j- 


(51,1) /»,=- 

— lie ~ 


Ui 

~Q 


and Aj = — 


°~'J 


Us 


:i g~ - ~ 2 U ~ = 112 or u/ J - it-/ = 112 X 6t 
If ti and r. be the times of flight respectively, then 


( 1 ) 


2u! 


j.'rom eqn. \3J,1) i, - and t. — 


2u, 


ti — U 




Jits 


= 2 or at — u-j = 32 


• • • (2) 


1 .* • 1 * 


(1> by (C) 
iVjci (2) and (3; 


in -j- Vi = 224 

— 128 ft./sec. and w 3 = 00 ft./sec. 


*; ; ;, r -P!*"® is travelling horizontally with a velocity of GO miles per hour 

.. ‘ o a ' A ‘ C ', yht ? f 1 1!><J( ! fl - a bonlb is dropped from it. Find where the 

'•mo :.i i,.-s „ic ground and the time of its fall, (g = 32 ft. per seed) 

A. Horizontal velocity of the plane = 00 miles per hour = SS fL/sec. 

. . The bomb falls vertically with nn acceleration of 32 ft p.cr see 3 and also 
Horizontally with a uniform velocity of 88 ft. per sec. * 

1-eL the time of full of the bomb = t seconds. 

Then from /,= lgt, a , 11)30 = * X 32 X whence t = 11 seconds. 

« . lhe horizontal distance covered by the bomb = 88 X 11 = 9G8 ft. 
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Hence the bomb strikes the ground at 9G8 ft. from a point on the ground verti¬ 
cally below the point from which it was dropped. 

C. Calculate the mass of the Sun, given that the distance between the Sun and 
the Earth is 1-49 X 10 ls cm. and G = 6 - 6 G X 10- C. G. S. units. Take the year 
to consist of 365 days. tP. U.—104*1 

A. Let mass of Sun = M and mass of Earth = m. 

Distance between the two, which is the radius of the earth's orbit = 1 • 49 X 10 U 

cm. 


Mm 


Gravitational force ol attraction — G .—-75 —G-GG X 19 X 


M m 

(H9 X lO 1 *)* 
dynes. 


Time of revolution of the Earth = 3G5 days = 3G5 X 24 X GO X GO sec. 

2* 2X31415 


radians/sec 


) 


ISlvi 

Hence, 0-0fl X 10 XtTIo ^Io 


Y x 1-49 X 10 ,s 


or, Angular velocity o> of the Earth — -p — x 24 X GO X GO 

mu * a _ l 2 X 3 14 15 

Centripetal force on the Earth — —- —mto r — m X y 3 y- ^ ^4 x 60 XGO 

X 1*49 X 10 13 dynes. 

The centripetal force must be equal to the gravitational force for equilibrium. 

Mm / * X 3G415 v 2 

')■ ~~ m X W X 24 X GO XGO 

whence M = 19-72 X 10 34 gin. = 4-347 X 10 M lb. 

53. Some Problems— 

'(1) Motion of two bodies connected by a String passing 
over a smooth Pulley.—Let two bodies of.masses m x and »»a 
be connected by a light inexteosible string passing over a smooth 
pulley P and both of them hanging vertically (Fig. 85). If > w » • NV0 
are to find the resulting motion of the system and the tension of the 
string. As the pulley is smooth, the tension of the string is the same 
throughout its length. Again as the string is inextensible, 
the downward motion of m% is equal to the upward motion 
of mi ; hence their acceleration is the same. 

Let common acceleration of the system be f and the 
tension of the ctriDg be T in absolute units. 

Now the resultant downward force on m 2 ” {m » 0 — 1) 

And the resultant upward force on m x “(T “ m x g) 
m 2 g and T -m x g = m x f 

Adding, (,m% ~ m x )g ” (m x + m..)f 


whence 


Also 


/ 


mo " m 1 


Ifb *2 


m 1 + nit 


Q 


2wi,m« 




... (83.1) 
..! (53,2) 



Observing the acceleration / of the system and using the 
eqn. (53,1) the value of g may bo roughly determined. 


Fig. 85 


/--- 

(2) Reaction of a moving Lift.—When a man is standing on a 



i 90 


INTERMEDIATE PHYSICS 


CfiAP. IV 


lift either at rest or moving up or down with a uniform velocity, the 
reaction at the floor of the lift is equal to the weight of man. But 
when the lift is moving with an acceleration, the thrust is Dot equal to 
the weight of the man. It is however equal to the thrust then exerted 
by the man on the lift, which may thus be called the apparent weight 
of the man on the accelerating lift. 

Let m be the mass of the man, R the thrust between the man and 
the floor and /, the acceleration of the system. When the lift is 
accelerating up, R must be greater than the weight of the man. 

R - mg = mf or R *=* mg + mf= mg( 1 - 

' Q 

i.e., the man appears to be heavier by — of his weight. 

When the lift is accelerating doiun, the weight must be greater than 
the thrust R.' 



mg - R' = mf or 


R* “ mg - mg\ 1 - — ) 

' Q ' 

f 


i.e., the man appears to be lighter by J of his weight. 

Q 


»> 


(3) Mass of the Earth.—Let the mass of the earth be M gm. 
nci its radius be R cm. Then by the law of gravitation.— 


The force of attraction on a ma 68 m on the earth =» —dynes. 


This force being equal to the weight of the body = mg dynes. 

GMm , „ 0 R« 

~ii~ = whence — ... ( 53 , 3 ) 

Taking R- 4000 miles, G = 0*65 x 10 " 8 and (/“981 cm. per sec . 2 


\r 


98 1 X (4000 x 1760 x 3 x 30* 4=0* 


6'16 x io 87 gm . 


6‘65 x 10 ‘& 

" 1‘36 x 10® fi lb.- 60*7 x 10 20 tons. 

I; P is the mean donsity of the earth, then M= $.-zR 8 p 


• • 1 


From (i) and (ii)p = —^ 


(53,4) 


3 x 981 x 7 x io B 


5'46 gm. per c. c. 


•5 x 22 x O'65 x 40 OO x 5280 x 30*48 

The value of G was first determined by Cavendish whence the 

1- !’ d density of the earth were calculated. It is thus said that 
Cavendish weighed the Earth' in bis balance. 


Examples :— 

1 . A liglil string- passes over n smooth pulley and has masses of 240 gm. and 
-.-t gm. attached to its ends. Calculate the value of g . if the system starting from 
lest moves a distance of UK) cm. in 4 seconds. (\ nna U—1960) 
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A. Since the two loads are unequal, the combination would have an arcelcra- 
tion with the heavier load descending downwards. Let the common acceleration 
be j cm. per sec 2 . Then, 

ICO = 0 + 4 j X 4 s whence / = 20 cm./sec*. 

Let T be the tension of the string which is throughout equal. 

Then 250 g — T = 250 X 20 and T — 210 g = 210 X20 


Adding the two equations, we get, 

10y = 490 X 20 whence g — 980 cm./sec. 3 

2. A mass of 10 lb. is hung from a spring balance attached to a lift. The lift 

is (a) ascending with an acceleration of 4 ft. per sec per sec., (6) ascending with a 

uniform velocity of 4, ft. per sec. Calculate how the reading of the spring balance 

will be affected in each case. The value of g — 82 ft. per sec per sec. 

ri’nt. II.—19581 


A. When the lift is ascending with an acceleration of 4 ft. per sec/ the reaction 
It of the mass of 10 lb. on the spring balance, is given by. 

It — 10 X 32 = 10 X 4 poundals whence It = SUO poundals 
Hence the spring balance will record 300 — 32 = 11 ’25 lb., that is 1'25 lb. 
more than its original reuding. 


Again when the lift is moving with a uniform velocity, whatever may be its 
magnitude, there is no change in the reaction of moving parts and so the spring 
balance records the same reading of 10 lb. 


54. Spring Balance.—A spring balance (Fig. 
ment with which weights of bodies can bo deter¬ 
mined and compared. It consists of a spiral spring 
of steel S, enclosed in a metallic case, with the upper 
end fixed to a ring at the top of the case. The 
lower end is attached to a straight rod R which 
has a hook H at the lower end from which the body 
to be weighed can be hung. The front part of tho 
case is covered by a plate with a long narrow slit G, 
which is graduated either in grams or in pounds 
along the slit. A pointer attached to tho rod passes 
out of the slit and rests against the scale. When 
a body is hung from the hook, the spring extends 
in proportion to the amount of pull exortod by the 
weight of the body. The pointer accordingly moves 
along tho scalo and indicates the weight of a body 
from the reading on tho scale. 


86) is an instru- 



As tho spring extends by the pull exerted on Fig, 86 

the body by the earth, the spring balance directly 

gives the weight of a body at a place. If we move to a different, place, 
the weight of the body changes and so tho pull on the spring also 
changes. Hence from theoretical principles the instrument may bo 
calibrated so as to record the weight of a body. 

Thus in a common balanco we compare different masses, while in 
a spring’ balance we compare different weights. If taken to different 
places, the bodies and tho ‘weights’ used are equally affected by the 
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variation of l g' and so ifc will nob be possible to detect any change in 
the weight of a body by a common balance. A spring balance on the 
other band is differently affected due to the difference in the pulls and 
may indicate the variation in the weight. In practice however the 
variation is so small that it does nob affect an ordinary spring balance. 

*55. Kepler’s Laws of Planetary Motion.—During the last 
decade of the 16th century, the Danish astronomer Tycho Brahe and 
Johaan Kepler made a systematic observation on the nature of the orbit 
of the planet Mars around the Sun. After the death of Tycho Brahe, 
Kepler enunciated the three following laws,— 

1. Each planet moves in an elliptic orbit with the sun at one of 
the foci. 

2. The radius vector joining the planet to the sun describes equal 
areas in equal times. 



Fig. 87 

is very small having a value 
nearly a circle. 


3. The square of the periodic time of 
a planet varies as the cube of its mean 
distance from the sun. 

Explanation of Laws.—Let fig. 87 
represent the elliptic orbit of a planet. 
Then the sun must be at any one of the 
foci of the ellipse, say at S. The first 
law may be verified, in case of the earth’s 
orbit by a systematic measurement of 
the variation of the distance of the 
sun from the earth throughout one year. 
On December 31, the distance becomes 
minimum and on July 1, the distance is 
maximum. The eccentricity of the ellipse 
"0168, which means that the orbit is 


The second law states that if E l( E a and E„ represent the posi¬ 
tions of a planet at equal intervals of time, then the area of the sector 
13,SB., is equal to the area E 2 SB 3 . If the interval of time be 
i 'con small, for example one day, then arc EjSEa is very approxi- 
ruat iy ivS ■* 0 where 0 ie the angle ExSE 2 and the area ExSEa 
becomes l SB/'tf. Knowing SEj and measuring 0, the law can be 

the two sectors E,SE 2 and E 2 SE a . 


verified 'or 


10? )tec's Third Law and tlie Law of Gravitation. — In order 
to _X[ lain the third law, Newton had to assume the existence of some 
Suit of attracting force between the planet and the sun, which varies 
as too product of the two masses and inversely as the square of the 
distance. Let M be the mas3 of the sun and m that of the planet at 
n. mean distance r from the sun. For simplicity assume that the orbit 
is ciroular. 


If v be the tangential velocity of the planet at any point in its orbit, 
the centripetal force necessary for the rotation of the planet is mv a /r. 
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The origin of thia centripetal force is the gravitational force. 

the periodic time of the planet, 

2 nr mV* 4 n~mr 

Thenv=ijr or, 7ji5 

If the centripetal force is equal to the gravitational force. 


If T be 


Then, 


4n 9 mr GMm 
T* r* 


or, T 


4 n 
GM 


(55,1) 


whence T 9 9 r 8 

Thua the third law can be proved by assuming an inverse square 

law of gravitational force. _ r , , ,, . , , TrT 

Comparison of Masses of Heavenly Bodies. -Kepler a third lav. 

gives ua a clue to compare masses of heavenly bodies which have 

statellites at known distances and of known periodic times. Transfoim- 

ing eqn. (55,l), we can write, 

T*M 4* 9 , . 

=-w- = —- «=* a constant. 

r B G 

If there are two heavenly bodies of masses M, and M„ having two 
statellites of periodic times Tj. and T a , placed at a distance of r t and 
r 2 from their respective parent bodies, then 

T 1 9 M l 


7 , 8 " G 


whence, 


M t- T, 
M, r B 


* r, 8 

r IT * 

Tv J- l 


... (55,2) 


Example :— . , , v w ,i 

, A satellite ol Im^’of 

TadZ, “rallefl 0 completes one revolution in 27 days. Compare the masses 

of Jupiter and Earth. 0 

. y • r iiiminr — Mi orbital radius of the satellite — n — 1 101 XU 

mile, and peHod o”r revolution ’ of the satellite = T, = 16 0 day, Thou lor the 

earth l>enr subscript 2. 

, . w o 7 a (I 101 X 10 V 299 

mass of Jupiter Mi - x - n t - a — 

Tl,cn > nun of Earth M, (*> X 1° > 16 '° 1 

H„„„inite S of a Good Balance.—The description of a 
phisfoal balance has already been given in Chapter I. A good balance 
must be (1) true (2) sensitive (3) stable. 

(1) A balance is said to be true, if the beam remains horizontal 
when both tire pans are empty or are loaded with equal masses, 

The conditions to bo satisfied by a balance to be true are 

(i) The two arms of the beam must be of equal length. 

(ii) The Beale pans must be of equal mass. 

(iii) The centre of gravity of the beam must be vertically below tho 
fulcrum when the beam is horizontal- 
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To test whether a balance is true, a body is placed on one of the 
pans and weights are placsi on the other, till th9 beam is horizontal. 
The body and the weight ars then interchanged ; if they still balance 
i.e., if the beam horizontal, the balance can be taken to be true. 

(2) A balance is said to be sensitive, when the beam is appreciably 
displaced from the horizontal position, even for a very small difference 
in the weights of the bodies placed on the two pans. A sensitive 
chemical balance indicates a difference of one-tenth of a milligram. 

The conditions to be satisfied by a sensitive balance are :— 

(i) The C. G. of the beam should be very near the fulcrum. 

(ii) The beam should be light. 

(iii) The arms of the beam must be long. If this condition is 
satisfied, even a small excess in the weight on one pan would produce 
sufficiently large moment to cause appreciable inclination of the 
beam. 


(3) A balance is said to he stable, if the beam, after being 
disturbed, quickly comes back to its position of equilibrium. The 
condition for stability re- uires that the C. G. of the beam must be 
su 'ciently below the fulcrum. This condition is opposed to one of the 
conditions for ~onsil i veness. In other words, stability is increased at 
(lie 'ost of sensitiveness. A balance should ho rigid , i.e , the beam 
should not bend when weights are placed on the pans. 


adopte 


57. Methods of Weighing by a Bulance.—Different methods are 

III < i' * 'i CP.ir. r*A O .'Pliro t.«» WO irlKi nrt mwl.ir rl i iTnront: oir/inmnf n 


j se> ire accurate weighing under different circumstances. 

Method oV Oscillations. — If the balance is true, the mo 3 t common 
method of accurate weighing is tho method of oscillations. With the 
pans ■ the balance is made free and the oscillations of the pointer 

:.ro oh~ •)' >, > ’ni.ih should oscillate through equal number of divisions 

on either v ; le of the middle division. The body to be weighed is placed 
on rko loft pan ; weights are placed on tho right pan, till on making the 
balance iroe, the pointer ;.guin oscillate through equal number of divi¬ 
sions ou cither side. .Che mass of the body is then equal to tho mass 
of the total weights p! -ed on the pan. (For details vide J. Chattorjee’s 
Intermediate Practical Physics.). 

Method of Double Weighing. — Even when the balance is not 
true, the mass ci a body may be determined by tho following methods 
of double weighing. 

(I) Borda’s Method {method of substitution). —Tho body to be 
weighed is placed on one of the pans, say the right-band one and is 
counterpoised with small shots, sand, etc. The body ie then removed 
and standard weights are placed on that pan, till equilibrium is restored. 
Evidently the sum of these standard weights is equal to the weight of 
the given body, for whether the balance be true or false, these weights 
and the body, separately placed on the same pan, balance the sand, etc. 
on the other pan. 
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(2) Gauss’ method—This method is applied, if only the arms are 
of unequal lengths but the balance is otherwise correct. The body is 
first placed on one of the pans, say the left-hand one and is exactly 
counterpoised in the usual way. The body is then placed on the right- 
hand pan and is counterpoised again. 


Let the arms of the balance *=* o, b ; true weight of the body = W ; 
observed weight with body on one pan = W x ; observed weight with 
body on the other pan ■= W 2 . 


Then Wa = Wj6 and W 2 a = W6 

W 2 ab “ W x W .ab whence W = J W t W» 

Thus the true weight is the geometrical mean of the 
weights. 


...(57,1) 

...(57,2) 

two observed 


To find the ratio of the arms :— 

a W a W 
From eqn. (57,1), £ “ w 1 also ^ 

Hence s/™' 


W 

W ~ W 


JVLl 

' W 2 


...(57,3) 


Suppose a tradesman uses a false balance with unequal arms 
a and b. A customer takes a quantity of some article, which appears 
to weigh W 1( being weighed in one pan. The balance is turned and 
another quantity also appearing to weigh W 2 is^ weighed in the other 
pan. Here the customer really gets a quantity W t + W a in place of 2\v. 

Now W. + W.-2W- W“+ W*-2W 
- 2 “ 6 - - W 

ab ab 

As a and b aro unequal. (W x + W.J>2W 

W 

i.«., the tradesman cheats himself by the atnount^^fa - b) 

Hence it is profitable for a customer to purchase always a quantity 
of substance in two instalments, weighing half on one pan and the 
other half on the other in a false balance. 


Examples :— 

1. A tradesman sells his article weighing equal quantities alternately from the 
two pans of a balance having unequal arms. If the ratio of the lengths of the two 
arms be 1-025. what is his percentage loss or gam? Hat. U.-lJa'-J 

A. Let the true weight (mass) <>f the body W and its observed weights when 
placed on the two pans be Wx and Wa. I hen, 

a 
b 


V w, ~ 


025 
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When equal quantities are weighed alternately from the two pans of the balance, 
the customer gets a quantity in excess of W by. 


W 


(a -J) 2 
ab 


W 


a * + b* - 2 ab 
ab 


w(?+- - 2 ) =W (1-025+ -9756 — 2) 

\b a / 


OOOOW 

Hence the tradesman cheats himself or loses by 


OOOGW 

W 


X 100= -06%. 


2. The turning points of a balance were observed to be successively 13, 8, 11. 
With the body on the left pan and 24-82 gm. on the right pan, the turning points 
were 14, 9, 12. On adding 10 more milligrams to the weights, the turning points 
became 10, 3, 8. Calculate the correct weight of the body. (Mys. IT.—1952) 

A. Supposing the scale of the pointer to begin from left, it is evident from 
the sets of readings of the turning points, thnt for any set two readings were taken 
to tho right and one to the left. ITcnce resting points in each case is to be taken 
in the following way.— 


(i) With empty pans. — —'= 12; 


1 ® -L- g 

j-=10 = Resting point. 


^ ^ • on tlie left and 24*82 pm. on the right pan, 

=13; ^±^- = 11 = Besting point. 

** SB 

This shows that the body, which is kept on the left pan, is heavier than 1 the 
weights placed (= 24-82 gm.) on the right pan by a load which shifts the resting 
point by one division only. 

[ih) With addition of 10 mgm. = -01 gm. 

10 + 8 „ 9 + 3 „ 

a -= 9;— - -= 6 = Resting pomt. 

-v 3 

Thus 5 divisions of resting points are shifted for -01 gm. 

• 1 division of resting point is shifted for -002 gm. 

Mine, ‘he true weight of the body = 24-82 + -002 = 24-822 gm. 

5P. Centre of Gravity. — Any material body may be supposed to 
consist o> a large number of particles bound together. Due to gravity 
every such part»cle is attracted towards the earth with a force propor- 
•■iomil to iho masB of the particle (Fig. 88). All the component forces 
act towards the centre of the earth ; hut since the centre is at a large 
dUianca Gora the surface of the earth, all the forces may he considered 
l " ho acting vertically downwards. The resultant of these parallel 
force-? is thus equal to the weight W of the body acting vertically 
downwards at a single point. This point is called the centre of Gravity 
i. written as C.G.). Thus in fig. 88 the point G is centre of gravity of 
the body. 

When the body is rotated to a different position the attractions on 
the particles still remain the same in magnitude and direction, being 
parallel to one another and so the resultant passes through the same 
point as before. - 
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Hence the centre of gravity of a body is a point fixed relative to 
it, through which the resultant force due to earth’s attraction on all the 
.particles constituting the body, 

always passes in whatever way the 
relative position of the body changes, 
provided the size and shape of it 
remain unaltered. In other words, the 
centre of gravity of a body is the 
point through which the line of ac¬ 
tion of the weight always passes. 

As the line of action of the weight 
of the body passes through its C. G., 
a force equal to the weight, being 
applied through the C. G. in a 
vertically upward direction, would 
keep the body in equilibrium. Thus, if a body is suspended by a string, 
the C. G. lies vertically below the point of suspension. 

Centre of Mass. —If we consider the masses of the particles cons¬ 
tituting a body and if a system of forces, proportional in magnitude 
to the masses of the particles, be drawn, the point at which the 
resultant of all these parallel forces may be supposed to act, is called 
the centre of mass or mass centre of the body. Hence it is the point 
at which the whole mass of the body may be supposed to be concen¬ 
trated. If the forces, proportional to the masses, bo all drawn in the 
Vertically downward direction, the centre of mass coincides with the 
C. G. of tho body. 

C. G. of Symmetrical Bodies. —The position of the C. G. of a body 
can be determined from the principle of Statics. But in some simple 
cases, it may be inferred from consideration of symmetry, the bodies in 
these*cases being supposed to be of uniform density throughout. 

Thus, the centre of gravity of,— 

(1) a uniform straight rod, such as a piece of wire or a beam, etc., 
is at the middle point of its axis ; 

(2) a uniform circular lamina or a sphere & at the geometrical 

centre ; 

(3) a uniform circular ring is at the centre of the circle. 

(4) a uniform parallelogram or a regular parallclopiped, is at the 
intersection of its diagonals ; 

(5) a uniform cylindrical body, solid or hollow, is at the middle 
point of its axis , 

(6) a uniform triangular plate, is at its centroid. 

59. Determination of the C. G. of a Lamina.— When a body 
is freely suspended from a point by a string, the C. G. of tho body lies 
somewhere on the prolongation of the string by which the body is 

suspended. 

G—7 



Fig. 88 
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Take a thin sheet of a metal piece and suspend it by a string 
attached at some point near its edge (Fig. 89). Hang a plumb line from 
the point of suspension • and trace on the sheet the vertical line 
through the point of suspension. Similarly, suspend the sheet at two 
or three different points and find the vertical through the point of 
suspension in each case as before. It is found that the verticals cut 
one another at a single point. This point G is the required centre of 
gravity of the sheet. 


The centre of gravity of a lamina may 
also be found by balancing it on a horizon¬ 
tal edge. The plate is placed on a table 
and moved towards the edge, until it is 
just on the point of toppling over. A line 
is then drawn on the under-surface of the 
lamina, along the edge of the table. The 
C. G. of the plate lies somewhere on this 
line. By turning the plate and proceeding 
as before, another line is obtained. The 
point of intersection of these two lines 
gives the position of the C. G. of the plate. 
If the plate is supported at the point, it 
remains balanced. The centre of gravity 
of an object of small thickness such as a 
bicycle may be determined by the method 
of suspension or balancing. But in any 
case the steering arm must be fixed rigidly, 
as any change of position of the front 
wheel will alter the position of the centre of gravity of the bicycle. 

oO. Equilibrium of Bodies.—If a body remains at rest under the 
simultaneous actions of two or more forces, it is said to be in 

As the weight of a body acts vertically downwards 
' 1 , the resultant of the reactions at the points of support 
lu equilibrium must act vertically upwards through the 
’ y. So In the case of a body, supported at one pointy 
v. :.on suspended by a string attached at one point or 
d on .♦pivot, equilibrium is possible, when the C. G. of 



Fig. 89 


equilibrium. 

ihrough its 0 
of the b .ly 
G. G. oi Li.e 1 
for u: to i lo, 
when !. ■ 1:• 


11 


- utiu-r coincides with the point or is above or below the point 
ra tho suua' vorti ’i-.l ; further the force supporting the body or the 

of ru Guoi .10 the point of support must be equal and opposite to 
^, Vt ‘h- L ° f li;e body. If a body is supported at two points, the 
r '- : ion passes through some intermediate point and so for 
1,1 .up., tne \ ertical through the C. G. of the body must lie betweep 
tsvo ■ oints of support. 


1 C 




jn ti c case of a body supported at three or more points, for example, 
tripod stand or a glass tumbler placed on a table, the area oltfained by 
joining successively the outermost points of support is called the base of 
the body. Equilibrium is only possible, when the vertical through the 
C. G. falls within the area of base, for in that case resultant re- 
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action may possibly pass through the C. G. of the body. If it falls 
outside, the body overturns and it takes a new position of equilibrium, 
in which the vertical falls within the base. If a reotangular block of 
some heavy material is placed on an inclined plane and the inclination 
is gradually increased, it will be found that so long as the vertical 
through the C. G. of the block falls within the base area, the body will 
not topple over, whatever be its inclination. 

Evidently then the wider is the base, the greater is the stability of 
the body ; for even if the body is sufficiently inclined, the vertical may 
still fall within the base. This is clearly shown by the Leaning Tower 
of Pisa and a certain building at the Benares Ghat. Again a quadruped 
stands or walks more stable than a man. A table with an extended base, 
may not turn over, even when a heavy weight is placed on one side of^ 
the top. To make it more stable, a mucilage bottle is given a conical 
shape with a wider base. In the ordinary upright position the C. G. of 
a man is near about the navel ; under diffierent conditions, the man 
changes his form to come to a stable position. Thus a man carrying a 
heavy load at one hand, say the right, bends his body towards the left 
and often extends the arm on the side at full length. Here the C. G. 
of the man with the load is shifted towards the side of the load, 
but by the bending of the body or the extension of the hand towards 
the left, the C. G. is shifted. In fact it is easier to walk with two equal 
loads, one in each hand, than with the two in one hand. If the man 
carries the load on the back, ho bends his body forward. When a man 
is seated on a chair with the legs hanging down, be is in an equilibrium 
position. If he inclines himself backwards, so that the chair rests on 
the two bind legs, the man has to extend his legs forward as far as 
possible. In the circus, while walking on a rope, the performer holds 

in bis hand a long pole or an open umbrella, which helps him to keep 

the C. G. vertically above the rope. 

61. Different States of Equilibrium.—It has been explained 
that a body remains in equilibrium, whenever the resultant upward 
reaction passes through the C. G. of the body. The static equilibrium 
i e., the equilibrium of a body at rest may be of throe kinds, namely 
stable, unstable and neutral. 


A body is said to bo in a stable equilibrium, if on being 
slightly displaced, it tends to come 
back to its original position. Thus, 
a table or a cube resting on its side, a 
right circular cone (Fig. 90 P) or a 
funnel resting on its base, a pendu¬ 
lum at rest are examples of stable 
equilibrium. 

A body is 6aid to bo in unstable 
equilibrium if, on being slightly3 
displaced from that position, it does not come back to its original 
position but tends to move further away from it. Thus a cono resting 



Fig. 90 
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on tbe apex (Fig. 90Q), a stick balanced on tbe finger and an egg stand¬ 
ing on its end are examples of unstable equilibrium. 

A body is said to be in neutral equilibrium, if on being slightly 
displaced, it neither returns to its original position nor moves further 
away from it, but remains in its new position as before. A uniform 
sphere on a fiat surface, a right cone (Fig 90, B) and a cylinder resting 
on its side are examples of neutral equilibrium. 

A body always tends to keep the position of the C. G. as low as 
possible and tbe three states of equilibrium depend on the relative 
position of the centre of gravity. In all cases of stable equilibrium, the 
O. G. occupies the loivest possible position, so that a slight displace¬ 
ment tends to raise the positiou of the C. G. Hence the body returns 
to its original position as soon as it is free to do so. In all cases of 
unstable equilibrium, the C. G. occupies the highest possible position, 
being always higher than the point of support ; so a slight displacement 
tends to lower the G. G. and thus to bring the body to a more stable 
positiou. In all cases of neutral equilibrium, to the G. G. is neither 
raised nor lowered by a slight displacement of the body and so tbe body 
remains in any positiou to which it may bo displaced. 

In case of bodies supported at one point, tbe point of support is 
higher than the G. G. in case of stable equilibrium, loiuer than in case of 
unstable equilibrium and coincides with the O. G. in case of neutral 
equilibrium. To keep the C G. at the lowest possible position a ship is 
loaded with ballast and a wagon loaded with heavy material at the 
bottom ; the lower deck of a double-decker omnibus should be loaded 
more. A cork i yliuder weighed with a piece of lead hemisphere attached 
at the base or an ink-stand loaded at the base furnishes intersting 
examples of si iblo equilibrium position. Even when tilted to one side 
it would spring back to its equilibrium position when set free. The 
C. G. o! the whole muss is raised by tilting and so the body cornos back 
to its initial position when free. 


Static T'quili: l'ium and Potential Energy.—A body is in equili¬ 
brium ] isition when its potential energy is either a maximum or 
a Thinhnu' i. ; the potential energy is maximum , any disturbance 
gives rise to a couple > ending to displace the body further. Thus, when 
the potential energy of the body is maximum, its equilibrium is unstable. 
Again when the potential energy is minimum any disturbance sets up 
a couple tending to bring l ack the body to its equilibrium position. 
Thus when the potential energy of a body is minimum, its equilibrium 
is stable. In state oj achiral- equilibrium, the potential energy of 
the body remains constant for any small displacement. 


Dynamic Equilibrium.—A body in motion may be in stable 
equilibrium iu a position, in which it is unstable when at rest. The 
equilibrium in this caeo depends on the motion of the body and the 
body is said to be iu a state of dynamic equilibrium. A rotating top 
and a cyclist iu motion furnish examples of this. 
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62. Simple Harmonic Motion.—A body is said to execute* a 
Simple Harmonic Motion, when it shows the following characteristics,* — 

(i) The motion is periodic, which means that the body in motion 
passes through the same succession of positions after each definite 

interval of time. ...... 

(ii) The motion takes place in a straight line, such that the 

acceleration of the body i3 always directed towards a fixed mean 

position called the position of equilibrium. 

(Hi) The magnitude of the force acting upon the body at any point 
in its path is proportional to its displacement from the fixed mean 

position. . 

Tho motion of a simple pendulum oscillating through a small arc, 
illustrates simple harmonic motion very approximately. 

63. Pendulum. — A simple pendulum is defined to ho a heavy 
point mass, suspended by a weightless, inextensible and perfectly flexible 
string from a fixed point about which the pendulum oscillates without 
friction. Evidently, it is not possible to have such a pendulum in 
practice, for we cannot isolate a single material particle, nor can we got 
a perfectly inelastic and weightless string which can oscillate without 
friction at any point. The nearest approach to such a pendulum 
consists of a small heavy metal ball, suspended by a very thin and 
inelastic thread. A compound pendulum consists of any heavy mass 
supported in such a way that it is capable of oscillating freely in a 
vertical plane about a fixed point or a fixed line as axis. A practical 
form of a compound pendulum is that of a clock, which consists of a 
rigid rod having at its lower end a heavy metallic mass and capable 
of turning about an axis at the upper end. 

The heavy spherical mass A (Fig. 91) suspended at the end of the 
string is called tho boh of the pendulum. The distance between the 
point of suspension O and the centre of gravity of the boh, is called the 
effective length of the pendulum. One complete to-and-fro movement ot 
a pendulum is called an oscillation. A pendulum is said to execute 
one complete oscillation, when starting from any point in its path 
it comes back to the same point, moving in the same direction. I.ms 
when the boh starts from A, moves to B, back to A, then to G and back 
to A, it makes one complete oscillation. Tho maximum displacement 
AB or AC of the bob on either side of its position of equilibrium is 
called the amplitude of vibration. The time to perform one 
complete oscillation is called tho time period or simply the period of 

oscillation. . , . . , . „ „ 

The number of complete oscillations performed in one second by a 

vibrating body is called the frequency of vibration. If the period be 1, 
and the frequency of vibration bo n, then 

1 

n'T — 1 or n - rj , 

•For a detailed study of Simple Harmonic Motion, the student is referred to 
Chapter II of tho part on Sound of this Book. 
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The phase of a body executing S. H. M. gives the state of motion 
at a particular instant and thus determines the position of the body in 
the path and direction of motion at the instant. 

64. Motion of a Simple Pendulum. —Let a spherical bob A of 
O mass m be suspended by a string of length 

l, from the point O (Fig. 9 l) When at rest 
at A, the weight of the bob is just balanced 
by the tension of the string 

Let the pendulum be now displaced 
through a small angle 9 to the position OB. 
The weight mg of the bob acting vertically 
downwards can be resolved into mg cos 9 
along BD, the direction of the string and mg x 
sin Q along BE tangential to the path AB. 
The component mg cos 0 is balanced by the 
tension T of the string. The tangential com¬ 
ponent mg sin 0 is the only effective force 
'’ which tends to move the pendulum towards 

the position of equilibrium A. 




If 0 is very small, sin 0 


arc 


displacement 


radius length of pendulum ( l ) 


. . The ellectivo force “ x displacement. 

Thus the acceleration of the bob at the iustant under consideration 

l * displacement ...(64,1) 

As g and / are constants, the acceleration along the tangent is 
proportional .■n Inc displacement from the mean position of rest; 
hence tho motion rj ;he bob is simple harmonic in nature. 

It can he proved that T =* 2-**\/— 

0 

(>•>. La s of lVndnlrj.ii.—The oscillations of a simple pendulum 

are governed bv the following laws : — 

Law I. Law of Isor hronism.— The oscillations of a simple 
pendulum arc isochronous, ie , they are effected in equal intervals 
.line, Prowded the amplitudes are small. The first law was dis¬ 
co. uied in lob:, by (rallied by casually noticing the swings of a lamp 
hanging by n chain from the roof of the Leaning Tower at Pisa. He 
oimed the oscillations by counting his pulse and found these to occur 

in equal intervals, whether the lamp oscillated through smaller or 
greater extent. b 

IL La ' v of Length .—The period of oscillation of a simple 
pendulum vanes directly as the square root of its effective length , 


... (64,2) 
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i.e., T x Jl. Thus if the leDgth of the pendulum be increased to 4, 9 
or 16 times, the period will be 2, 3 or 4 times respectively. As 
the length of a pendulum changes with temperature, the period will 
slightly be affected by changes of temperature. 

The law of length was also discovered by Galileo from the same 
observation. The laws were afterwards verified by him by more 
accurate observation. In 1658, Huygens first applied a pendulum 
to regulate the motion of clocks. 

Law III. Law of Gravity. —The period of oscillation of a simple 
.pendulum is inversely propovtional to the sguare Toot of the acceleration 
due to gravity at the place of observation ; i.e., T x 1 *Jg. 

If the pendulum be taken from one place to another, where the 
value of g is greater the period will be smaller i.e., tne pendulum will 
vibrate more rapidly. 

Law IV. Law of Mass .—The period of oscillation of a simple 
pendulum is independent of the mass or the material of the bob, provided 
the effective length remains the same. 

The period will remain the same, so long as the distance from 
the point of suspension to the centre of gravity of the bob remains the 
same even if the bob be of different sizes and of different materials. 


If a simple pendulum be made of a thin string and a hollow 
spherical bob, then its effective length is the distance between the 
point of suspension and the centre of the bob. If now the bob is half- 
tilled with mercury, the centre of gravity of the bob and hence that 
of the system lowers down resulting in a larger effective length. 
Consequently its time period becomes greater. But if it is completely 
filled, its C. G. returns to the centre of the bob and there is no change 
in the period. 

It iB found from eqn. (64,2) that 


If l and g are constants, T is constant 


... Law I k IV 


If g is constant, T 06 V l 


Law II 


If l is constant, T x 1/ V g 


Law III 


66. Verification of the Laws.—To verify the laws, take a small 
metal ball suspended by a fine thread from a hook attached to a suitable 
stand (vide J. Chatterjee’s Intermediate Practical Physics.) 


First Law. _Sot the pendulum into oscillation in a vortical plane, 

taking care that the amplitude is very small. By means of a stop 
watch, note the total time required to perform a number of complete 
oscillations, say 20. Then dividing the total time by the number of 
oscillations, calculate the time period. Repeat the experiment with 
different amplitudes upto the limit of 4 and got the period in each 
case. It will be found that within the limits of the experimental errors 
the time period in all cases is equal. 


Second Law.— Take a pendulum, the length of which can be 
.altered. Measure the diameter of the bob at several places by a elide 
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callipers and get the mean radius : add to this the length of the string ; 
the sum gives the effective length of the pendulum. Note the time 
required for a number of complete oscillations and hence find the time 

period. Change the length of the 
• string to different values and find 
the time period in each case- 
t Square the time period (T) and 
divide by the corresponding length. 
0 ). 

m2 

It will be found that, -y 

» is constant, i.e. t T* Jl 

The relation between the length 
of a pendulum and the time period 
can be represented by a graph 
(Fig. 92), in which the length (f) ia 
measured along the abscissa and 
the corresponding time period ( T ) 
along the ordinate. The graduations- 
along the abscissa represent length 
in cm. and those along ordinate 
one-hundredth of a second. The 
graph will be found to be parabolic in nature as is also evident from 
the mathematical relation between l and T. When a pendulum clock 
gams or loses, ifc is regulated by altering the effective length of the 
pendi lum by lowering or raising the bob by a screw nut below it. 

Third — This law can be verified by taking a given pendulum 
to ..iffei\nt places on the surface of the earth or to different altitude 
c: the sarno place. It will he found that for each place the product 

ci ‘ho pei 1 of oscillation and the square root of the acceleration dua 

is gravity ou.t-.nt-. 



t.c. 


* t 




li 

lo.i 

iound tr> :;«? 


la 1 or T* 

v 17 

T.. spheres of different materials and of different 
' - ^'-eiirg the length of the string keep the effective 

->:3 j-auiul.iru the same in each ease. Determine the tima 

■ji fuc i oi these pendulums in the usual wav, which will be 
eijual case. 


f , 1 ( -nduIuin.—A simple pendulum which swings 

..i_r-3i.city to another in one second, or in other words, whose 

. is two seconds is called a seconds pendulum. Hence the 
i.. . . ot a seconds pendulum is 2 seconds. 

- . From eqn. (64,2), 2 — 2» V ~ whence l — , ...(67,1) 

° f {7 Vft , rios f roiu P lac e to place on the surface of the 
Car aad at dlffereut altitudes, the length of the seconds pendulum is- 
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different at different places. Taking the average value of g as 981 cm 
per sec. per sec., the corresponding length of the seconds pendulum is 

given by 

981 981 


l 


71 


987 


— 99'39 cm. 
32'2 


Taking 0 = 32*2 ft. per sec. 9 , I = ~~i 


32' 2 
9'67 


= 3*26 ft. = 3912 inches. 

68 . Determination of the value of V by a simple Pendulum.— 
If is evident from eqn. (64,2) that a simple pendulum furnishes a very 
convenient method of determining the value of the acceleration due to 

gravity at a place. 


From eqn. (61,2), T=2^\ 


l 


u 


rjy'i 


4 - 1 

4*- — 
Q 


whence 


4* 8 -^ 5 - 


l 

T 


...( 68 , 1 ) 


Taking a simple pendulum, its length (I) is carefully measured and 
the mean time period (T) is accurately determined from a number of 
observations. Substituting in eqn.(68,l), the value of g is calculated. , 

Instead of taking the mean value of T. the value of l and T may 
be plotted in a graph as in fig. 92 from which the value of T 
ponding to any suitable value of l is obtained. Thus on substituting 

in eqn. (68,1), the value of V is calculated. 

If the experiment is performed at the same place buti with> bobs 
different substances, it will be found that as the length of > the' P“ d “' u “ 
remains the same, the time period will be the same at the same plaoe^ 
This shows that acceleration due to gravity at the same p 

same for all bodies. . . 

Variation in the value of Tat different Places.-As the value 

of g varies from place to place the value of the time f/ocreaL T 
simple pendulum of given length also changes , thus if » decreases 

increases and vies = It has been explained in «t. «. «^um 

SM: ih-r: » 

bottom of a mine, the value of g decreases and so T increases , 
the clock loses it goes slower. 

Exumplca :— 

, Find the length of a simple pendulum beating 31b of a second at a place 
where the value of g is 080 era. per sec. per sec. 

A. Let the length of the pendulum = l cm. 

The time period (f) of this pendulum = 2X1 = 3 seconds. 



106 


INTERMEDIATE PHYSICS 


CHAP. IV 


••• }'8'V r J 


l 

980 


or 


980 


4X 18-1416)* 


whence l = 55 • 84 cm. 


2. A faulty seconds pendulum loses 20 seconds per day. Find the required 
alteration in its length so that it may keep correct time; given g = S2 ft. per sec. 
per sec. [Pat. U.—1958] 

A. Let the length of the faulty seconds pendulum be l and the alteration in 
its length to make it correct be x. Since it is losing time, its effective length must 
have increased and so its correct length should be l — x. 


A correct seconds pendulum beats seconds and hence, 
l = —- — * 


a 


3*2 


( 1 ) 


The faulty pendulum loses 20 seconds a day of 86400 seconds and so its num¬ 
ber of bents in one day = 86400 — 20 = 86380. It3 time for single beat is therefore. 


From (2), 


86400 
86380 

( 86400\ a 

v66880/ 

. of — r 

sr “• 


a/' 

* 82 


( 2 ) 


a 1 ; 
" S3 ° r ’ ' 


/ 86400 \ * ^ 89 
\b68H0 ' X 


; - 


a. 


'•Vom (1). 

Substituting the value of l. wc get 


82 


/86400A* 02 

\86880/ ' 


82 
a-*® “ a . 

T " 


or. x 


32 r / 3M0 0 x i« “I_69_ r( 20 V _ -| 

*1. V86380/ J 8*1416* L\ 86380/ 1 J 


32 


40 


crs-ogeL 1 + 86a«o ~ 1 1 


32 40 

J “Vboyfi x 86380 = 0 0015 ft * 


A pendulum which keeps correct time at the foot of a mountain loses 10 
i co.i.U a day when u-kcu to the top. Find the height of the mountain! (Neglect 
;il 1.t.otlou uue to the mountain and take the radius of the earth as 21 X 10* 

• v. k.'Pl; the ul Ihe mountain be h ft.; let the acceleration due to gravity 

;.l the lojt and the l*»p of the mountain be g and g' respectively. Then 


1 


1 


WL 


■ M -/ M:‘ * ' 121 x 10° -t- It) J 

• i ' 1^17 IV) Qf'i 1(1(1 and 


O or 


/ 22 X 1 0« + A\ a 

V 21x10° J 


( 1 ) 




i lie me 

untain, is a 

day 

i.e. 

/ 

86400 

A / 


and 

86884 “ 

A 

<y 

A* 1 

f 21 x 10 ° + 


_/ 

i\ \ ** t • \ 

r 21 x 10 ® 

) 

V 


q /86400» 8 

ee o’~ Wsi 1 


... 


(2) 


f*6400 \ £ 
S6384 


j or 1 + 


21X40" AT 863t»4 


v. hence 


h **3890 ft. approximately. 
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GALILEO GALILEI (1564—1642) 

Galileo was born at Pisa on February 18, 1564. lie belonged to a 
noble family of Florence aud many members of this family had tilled 
many positions of honour in the State. But Galileo s father \ incenzo 
was a mathematician and a lovor of music, although bo was very poor. 
Galileo was sent to the University of Pisa to study medicine at the age 
of seventeen. From early boyhood he was interested in mathematics 
and toy making. 

In 1583, Galileo, attending a lecture on Euclid, became facinatod 
with the subject and began to devote all bis spire time to it. After¬ 
wards in 1535, be gave up medicine and returnod to his father's house. 



Hero he seriously studied mathematical problems and in loSO became 
a lecturer in mathematics at the University of 1’isa. 
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While at Pisa he discovered the famous laws of falling bodies 
in contradiction to the theory of Aristotle, who taught that 
bodies fell in a time proportional to their weight. Galileo dropped 
balls of different sizes from the leaning tower of Pisa and showed that 
they all came down in equal time. But people of those days, unwilling 
to accept any experimental demonstration against popular belief, 60 
much disfavoured him that he had to leave Pisa. In 1592, Galileo 
was appointed Professor of Mathematics at Padua University. 


In 1604, the appearance of a bright new star in the constellation 
of Serpentarius, gave him an inspiration of Astronomy. The difficulty 
of observing stars and planets with naked eyes was very embarrassing 
to him. In 1609, hearing of the invention of a Dutch optician for 
bringing distant objects near, Galileo in one night succeeded in working 
out the principle and at once set to work to construct a telescope and 
having produced a satisfactory one turned it towards the heavens with 
results, which in his days, were truly astonishing. He observed the 
motion of Sun spots, phases of Venus aDd Mercury and discovered 
the rings of Saturn and satellites of Jupiter. In this way he established 
the truth of Copernican system which holds that the Earth and Planets 
revolve round the Sun. Before his time and even during his time 
tht/i'a w.s a universal belief that all heavenly bodies revolved round 
11 


e 


lr h. Galileo’s assertion of Copernican system could not be 
io’er .ed hv the Church, and as a result he was tried by the Inquisition 

n 3 624 
retired co u 

disappointed old man. He died in January 8 1642. 


before which he made a formal abjuration of his theory. He 
o lis villzgo homo at Arcetri, near Florence as a broken and 


Summary 


4 1 f ' ' . 'G •— E . . ry particla of matter in the universe attracts every 
h .'(•!<?' .e , i.i the line joining them, with a force which varies 

[ ‘ <->• . k.\ \ c tii. (V masses and inversely as the square of the distance 

hi I ioi 'til o i i f. J11 . 

Gravity >6- the p.rcc </ ct':\.-:iion exerted by the earth on bodies lying on or! 
near its surface. 

\ alue ol acceleration due to gravity g is constant at the same place but varies 
irr ' m H acc t<> place, iht value o: g increases from the equator to the poles but 

dec. ;,.es will* height. 

' ! «> weight of n body !s the attractive force exerted on the body by the 
earth . so it is proportional to the mass of the body. Hence it varies in'the same 
way Live value of g, although the mass of a body remains constant. 

c?itip of gravity of a body is n point fixed relative to it through which 

tite hue of action of the weight of the body passes. 

A common balance is used 'o measure the mass by the method of counter- 
poi."‘. A Spri <•; balance measures the weights directly. 

States of Equilibrium (.) stable, (iV) unstable, and (hi) neutral. 
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Laws of Falling Bodies.—(1) In vacuum all bodies starting from rest fall 
■witli eciual rapidity (2) The velocity acquired by a falling body starting from 
7est in'a givTn Ume is directly proportional to the time (3) The space traversed 
by a falling body in a given time starting from rest is directly proportional to 

square of the time. 

A Simple pendulum in practice consists of a small heavy metal sphere 
suspended by a very light and inelastic thread. 

The time period of a simple pendulum is given by T — Zx^/l/g. 

From the above relation, the value of g at a place can be determined by a 
simple pendulum. 

A Seconds pendulum is a simple pendulum whose time period is two seconds. 

Variation of T .—At a place above or below the surface of the earth the value 
of g decreases and so T increases. The value of g increases from the equator to the 

poles and so T decreases. 


Exercises on Chapter IV 

1. What is meant by acceleration due to gravity? IIow does it 
vary from place to place ? How does the rotation of the eartl^adect 

this quantity ? ' 

2. Distinguish between mass and weight of a body and state the 

units in which they arc expressed in C. ^ 

8 Explain the distinction between the absolute measure and the 
gravitational measure of force and show how one may be expressed in 
terms of the other. 

Express wt. of 10 kgm. in dynes and the value of a dyne in gramme 

.,. r (Dac. U.—1942; 

weight. 

A. 10,000*7 dynes; l/g gm. wt. 

4. Distinguish between mass and weight. How are the mass and 

weight of a body affected by variations of latitude ? Is weight an 
essential property of matter ? ( a • * 

5. State the laws of falling bodies and illustrate them by suitable 

examples. ' 

0.A stone is dropped from a rising balloon at a height of 200 ft 
above the ground and it reaches the ground in 0 secs. What was the 
velocity or the balloon just at the moment when the atone was dropped . 

A. 02-0, ft. per sec. upwards. 

7. A body of mass 50 gm. is allowed to fall freely under the 
action of gravity. What is the force acting upon it? Calculate the 
momentum and the kinetic energy it possesses after five sounds. 
<g = 980 cm. per see/) (Del. H. S.-1951 ; C. U.-1937) 

A. 49X10* dynes; 245 X 10* gm. cm/sec.; 00-025 X 10’ ergs. 


Reference. 
Art. 47 

Art. 49 

Art. IS 


Art. 

18 A: 49 
Art. 50 
Art- 51 


Art. 61 
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Reference 
Art. 51 


Art. 52 


Art. 53 


Art. 58 


Art. 53 


Ail. 53 


Art. , 4 

Al b. 60 


Avl i. 

ee * 5 ; 

Ait 

56 . 7 


Art. 07 


S. A stone is let fall from the top of a tower 180 ft. in height and 
at the same time another is projected vertically upwards with a velocity 
of 60 ft. per sec. Find where and when the two will meet. 

A. S6. ft. above the ground, 3 seconds. 

9. A ball is thrown horizontally from the top of a tower with a 
velocity of, 80 ft. per sec. Show that the curve traced by the ball is a 
parabola. (Del. U.—1942) 

V'lO. W eights of 40 and 50 gm. are connected by a string passing 
over a smooth fixed pulley. If the system travels 2*18 metres in the 
first two seconds from start, what is the value of 4 g * in cm. per sec. per 

sec - ? ' (P. U.—1932) 

A. 981 cm. per sec. 2 

11. A man weighing 12 stones on earth is standing on a lift. 
I'iml his weight as recorded by a weighing machine (or spring balance) 
when (a) the lift moves upwards with a uniform velocity of 10 ft./sec. 
(b) the lift moves downwards with a uniform acceleration of 4 ft./sec* 
and (c) lift moves upwards with a uniform acceleration of 4 ft./sec.* 

A. 12 st. 10-5 st. 13-5 st. (U. P. B.—1942) 

12. Two masses of 80 and 100 gm. are connected by a string 

pass ing over a smooth pulley. Find the tension of the string‘when they 
- i:e Q '-i°t:o:i. Find ulso the space described in 4 seconds g being 981 
C * J * (.Mad. U.—1951) 

A. 87200 dynes ; 872 eras. 

13 A mar. weighing 10 stones is sitting on a lift which is moving 
•crtieally , ‘* 1 acceleration of 8 ft. per sec. per. sec. Prove that the 
pr.;,>ur? on the base of the lift is greater when it is ascending than when 
it .’ 5 descending, and compare the pressures. (Pat. U._1931) 

A. R l : It = 5 : 3. 

^- Describe and explain the action of a spring balance. 

Compare the action of a spring balance with that of a common 
balance. (C. U.—1950 ; Cf. Nag. U.—1952; Dac. U.—1929) 

15. Explain why a balance which is sensitive cannot be stable. 

(P. U.—1952) 

10. W hat are the requisites of a good balance 2 Explain them. 

1.—1952; C. I .—1950 ; Dnc. U.—1034; Del. H. S.—1950 ; 

Pat. U.—1952; U. P. B.— 1952 ; P. U.—1952)’ 

17. Explain the term sensitiveness of a balance. Describe a com¬ 
mon balance ard indicate how the correct weight of a body can bo 
101,1 a °- v 1,10 method of vibrations. (Mys. U.—1952; Cf. And. U._’51) 

IS What are the requisites of a good balance? A balance with 
unequal arms is used for weighing. The apparent weights of the same 
body when placed in the two pans are 158-00 and 158-25 grammes 
ru-pecli.elj . Find the ratio of balance arras. 

A. v 633 : VCS2. ^ D - ,9S4 * C ’ U - 1950 > 

19 A body is placed on one pan of a balance, whose arms are 
unequal and is found to weigh W\ gm. It is then removed to the 
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other pan and weights W, gm. Show that the actual weight is 
VW rk grn. (U. P. B. 1926) 

20. A dealer has correct weights, but one arm of his balance is 

JL th part shorter than the other. If he sells two quantities, each 

20 

apparently weighing 9-5 lb. at Rs. 40 per pound, weighing one in one 

scale and other in the other, what will he gain or lose. 

(Nag. U.-1952) 

A. Re. 1. (loss). 

21 The only fuult in a balance being the inequality in the weights 
of the’scale pans, what is the real weight of a body which balances 
10 lbs when placed in one scale-pan and 12 lbs. when placed in the 

other ?* (Dac - U — 1933 > 

A. 11 lbs. 

22. Define centre of gravity of a body. IIow is the C. G. of a 

plane lamina determined? (Mad. U. 1951) 

23. Distinguish clearly between centre of gravity and centre of 

mass of a body. (Utknl. U. 1951) 

24. Define simple harmonic motion. Prove thut a simple pendulum 
when disturbed executes simple harmonic motion. How can you use it 
to determine the force of Earth on a unit mass ? (Dac. U.—1943) 

25. Explain S. II. M. and the terms amplitude, frequency and 

phase associated with it. Give an example of S. H. M. and illustrate 
your answer with reference to it. (C. U. 1949) 

20. A pendulum 90 cm. long loses 20 seconds per day. Find how 
much must it be shortened to keep correct time. 

A. $ mm. 

27. A seconds pendulum which keeps correct time on the surface 
of the earth is taken to the surface of the moon. Find the time period 
there, taking the muss of the earth to be 81 times that of the moon and 
the radius of earth to be 4 times that of the moon. 

A. 4-5 seconds. 

28 A pendulum that bents seconds at a place where g = 980 
cm./sec* is taken to a place where g = 975 cm./scc. a How many seconds 
per day does it lose or gain ? (Mad. U. 1950) 

A. It loses 220-4 sec. 

29. A pendulum which beats seconds at a place where g = 32-02, 
is taken to a place where g =32. How many seconds does it gain or 
loss per day ? 

A. It loses 27 seconds each day. 

30. What is a simple pendulum ? Slate laws of oscillation of a 
simple pendulum and state how would you verify them experimentally. 

What is meant by effective length ? . 

(Pat. U.—1053 ; C. U.—1943, 47, 40 ; Mad. U.—19u0) 

31. A simple pendulum has a hollow spherical bob attached to its 

thread. Will the period alter if the hollow bob is half-filled with 
mercury ? < C - U.—1950) 
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Referene 

Art. 57 


Art. 57 

Art. 
58 & 59 

Art. 58 

Art. 
63 & 64 

Art. 

61 & 63 
Art. 69 

Art. 65 

Art. 65 

Art. 65 

Art. 65 

Art. 65 
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Reference 

Arts. 

66 & 67 

Art. 68 

Art. 68 

Art. 68 
Art. 68 

Art. 68 

Art. 68 


32. State the laws of vibration of a simple pendulum and describe 

an experiment to verify the relation between the period and the length 
of the pendulum. Calculate the length of a seconds pendulum, assum¬ 
ing ‘o' to be 980. (Dac. U.—1931, 49) 

A. 99-29 cm. ^ 

33. Give an accurate method of measuring the acceleration due 
to gravity and explain the method of calculating the result. Why does 
the weight of a body change when taken from Delhi to Madras ? 

(Del U.—1943) 

S4. Describe an accurate method of measuring the acceleration 
due to gravity and explain the principle. (Del. U.—1952, ’53 ; 

U. P. 13.—1951 ; cj. Del. H. S.—1953) 

85. Will a pendulum clock gain or lose when taken to the top of 
a mountain ? (C. U.—1949) 

30. Will thd. periodic time of a simple pendulum vary, if it is 
taken from the equator to the north pole ? Explain your answer. 

(C. U.—1943) 

37. Explain why n pendulum clock loses time when taken to the 
top of a hill. (U. P. B.—1941) 

CS. A pendulum clock was regulated to give correct time at 
Dvhradun. When taken to Mussooric it was found to lose time. Why ? 

(U. P. B.—1944) 



CHAPTER V 

WQRK AND ENERGY 

G9 Work.—The term work gives U 9 an idea of something being 
done ' Work is said to be done by a force when the point of applica¬ 
tion of the force is displaced along some direction. A man in raising a 

lrmd does work, a horse in drawing a carriage along a road or an 
load does ... ' aWafion does work. Ln such cases, the body moves 

^H^Trect on in Which the force acts and also against an equal and 
in the direc g k may a i 8 o be said to be done against the opposing 

Thus the Jan in raLng the load does work -in.* the force 
of gravity : and the horse, in drawing the carriage, does work against 

the force of friction. 

Measurement of Work. — The magnitude of the work done, is 
i ii,* ■nrnduct of the force and the distance through which the 
point of application of the force is moved , when the direction of the force 
and that of displacement coincide. Thus, if a force P acting on a body 
displaces it through a distance s, then the work done is gi\e b 

P.s ••• (b'J.l) 

If the direction of the force and that of the displacement are not 

the same but they make an angle 0 with each other, then the com¬ 
ponent of the force in the direction of displacement is ellectno in doing 
work. In this case the work done by the force is given by 

W =■ P. s. cos 0 ••• 

It is evident from eqn. (69.1) that */ there is no displacement no 
It is 0V1 a3 a force has no component in a direction at 

work is don , . line of ac tion. no work is done by or against a 

toce ina direction^rfeend.culsr to its line of action. 

70. Units o. 'V-k -The unit of work » ^ ^ whon^a 

unit force acts “ D its of force and distance. The 

absoTute°LTt of work ,s work done by the absolute unit of fore. 

a 0 t ‘lnt t hTF 8 p U 8 it sjrr e tho absolute unit of <oorU is the work done 
^thel. 1 . moving its point of application through a 

by a force o \\foundol™ u of action of the force. This unit is 
distance of 1 foot along q g. S. system, the absolute unit of 

termed a foo^oundaL In tbcUG. b eyj .. 

work ib the .^ r O n r ^ h d ° n d 0 iBta y nc0 of 1 cm. in its own direction. The unit 

application through a^h^ unit . g extromely Bmallf the unit chosen 

}or practical purposes is the joule ; 1 joule being 10 ergs. 

Gravitational Unit of Work.—In practice, work is often express¬ 
ed in the gravitational unit. The gravitational unit of work is the 

G —8 
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work done in raising a unit mass vertically upwards against the force* 
of gravity through a unit distance. In the F. P. S. system, the gravita¬ 
tional unit of work is the. work done in raising a mass . of one pound 
through a vertical distance of 07ie foot . The unit is termed one- 
foot-pound (ft. lh.). In the C. G. S. system, this unit is termed one 
gramme-centimetre and is equal to the wort done in raising a mass ot 
one gram through a vertical distance of one centimetre . As a gramme- 
centimetro is very small, the unit chosen by the engineers is the 
kilogramme-metre which ie the work done in raising a mass of 1 kgm- 
through a vortical distance of 1 metre. 

Relation between the two units of work.—It^as been explained 
before that the gravitational unit of force is g times the absolute unit 
of force. Hence, 

Gravitational unit of work *= g times absolute unit of work. 
.'. 1 ft. lb “ 32 2 ft.-poundals and 1 gramme-centimetre — 981 ergs. As 

1 poundal“13825 dynes and 1 foot—30*43 cm. 

1 ft. poundal = 30 48 x 13825 ergs - 4*214 x 10° ergs. 

Also 1 foot-pound - 32'2 x foot-poundals - 32*2 x 4*214 x 10 5 ergs . 

- 1*36 x 10 7 ergs. 

Hence, 1 foot-ponnd — 1*36 joules. 

Work is of the dimension of forco x displacement. Now dimension 
of force is MLT" 14 and that of displacement is L. Hence w’ork has a 
dimension of ML'T 54 • 

71. Power. -The power or activity of an agent is the rate of 
doing work and is measured by the quantity of work done by the agent 
in unit time. The absolute unit of power in the F. P. S. system is 
the rate of doing one ft. poundal of work per second and in the C. G. S. 
system it is tho rate of doing one erg per secoud. The practical unit of 
power, as used by the engineers, is termed a horse-power. 

The term was first used by James Watt, the inventor of steam engine. 
] n order to establish a relation between the working capacity of a horse ami of 
las newly invented engine, he- performed an experiment in which on average a 
v, c i K ht of ISO lbs. of coal was raised by a horse from a coal-pit through a height 
of 22U ft. in some minutes. The work done by the horse in one minute was thus 
equal to < 1 uO X £20) or 33,000 tt.-lbs., which was therefore considered to b© the 
average- rate o i working of a horse. Although the estimate is found to be too high, 
the term has been retained. 

Honce, a horse-power (H. P.) is tho power of an agent doing 
33000 ft.-lbs. of work per minute or 550 ft.-lba. per second. 

There is another unit of power called the watt, so named after 
James Watt ; this is defined as 1 joule per sec. i.c., 10 7 ergs per second. 

Now 1 H. P. = 550 ft.-lbs. per second 

— 550 x 1*36 x 10 7 ergs per second 

— 746 joules per sec. = 746 watts 

1 kilowatt-1000 watts = (1000 +746)“ 134 H. P. 

= (l*34 x 550 ) ft.-lbs. per sec. 
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1 kilowatt-hour- (1-34 x 550 x 60 x 60) = 2653,200 £t.-lbs. of work. 

The power being work per unit time, its dimension would be 
Mb’T'* + T or UL’T'*. 

Examples :— 

1 If clouds were one mile above the earth and rain fell sufficiently to cover 
1 square mile at sea level, 4 inch deep how much work was done m rmsm^the 

water to the clouds ? ^ ' 

A. Volume of the rain water = 1 sq. mile X i in.= (1700 X.3) ‘ X 


2 *12 


cu. ft. 


Mass of this rain water = (1700 X 3) = X ifo X 62-o lbs. 


Work done in raising this mass through 1 mile— X 02 oX 1<00 

X 3 ft. lbs. = 383328 X 10* ft. lbs. 

o A man weighing 140 lbs. takes his seat on a lift which weighs 2 tons. He 
i3 taken to the 3rd floor, which is at height of 75 ft. from the ground floor in - 
minutes. Calculate the work done and the power required ... the process. 

A The total weight of man and the lift = 140 + 2 X 2210 _ 4020 lbs. 

Work done in raising this mass through 75 ft. = 4020 X 75 = 310500 ft. lbs. 

As this work is done in 2 minutes. 


Power required 


846500 

2 * 60 


340500 


ft. lbs. per sec.° Q0 x 550 


n. P. = 5-25 H. P. 


3 An engine of mass J> tons drugs a train of mass 23 tons up a slope of inclina¬ 
tion 1 in 28 at 15 miles per hour. If the frictional resistance be e T u, va»c«t .to n 
force of 0-4 ton weight parallel to the rails, find the horse power of the engine. 

A. The speed of the train = - 15 = « *■ P" "“»*■ 

Total mass of the engine and train = 48 tons = (48 X 4440) lbs..= 64740 lbs. 
Effective force against motion along the inclination. 

= (02720 X _- 1 — +0-4X22-10) lbs. wt = (2210 + 800) lbs. wt. 

/. Work done by the engine per second = (2240 + 890) X 22 ft. lbs. 

. _ (2*10 + 800 ) X 2 2 _ 125 . 41 ,j p 

Hence power of the engine — 550 

* Cl .1 f ;r „ expands against u constant external pressure the work 
dene by g ris equal L Ure product of the pressure and the inereose in volume. 

A Tx-t a moss of gas be contained in a cylinder with on air-tight piston of 
cmut-C^nal area A. Let p he the pressure exerted on the gas and let o, be rts 

original vofume ds to a volume and a, a consequence Urn 

- VFn Vr - 

external work done by the gas during expansion _ A p X * - V («* ) • 

The result holds good irrespective of the shape of the containing vessel. 
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72. Energy.—The energy of a body is defined as its capacity for 
doing work and is measured by the total quantity of work that a body 
or a system can perform under the circumstances in which it is placed. 
Hence the units and the dimension of energy are identicil with those 
of work. 

The energy of a body must not be confused with its power. Energy 
indicates the total quantity of work the body can do, while power 
indicates the rate at which the work is done. We shall consider here 
only mechanical energy. It is of two kinds viz., kinetic and potential. 

Kinetic Energy. — The kinetic energy of a body is the energy it 
possesses by virtue of its motion. It is measured by tbe amount of 
work that the body can do agtinst an external impressed force, before 
coming to rest. 

A bail rolling on a surface possesses kinetic energy, for on striking 
against a similar ball it can set the latter in motion against the fric¬ 
tional forcj of the ground. A rifle bullet moving with a very high 
velocity possesses considerable kinetic energy due to which the bullet 
penetrates some distance into the target which it strikes. A torpedo 
in motion can do work by penetrating into tbe side of a ship at which 
it is aimed. Water in motion can turn a wliool, which in its turn can 
put a dynamo or other machines in motion. The energy of the wind 
a ling :i ;.iinr.‘ the sail of a boat may put the latter in motion. 

Potential Energy.—The potential energy of a body or a system of 
bo -.tie-8 i the energy it possesses by virtue of its position or con- 
figuia i • •>. It is measured by the amount of work the body can do in 
c min;: om iv 3 present position or configuration to some standard 
1 'tun : • suaily called its zero position ) or configuration. The surface 
of hr <. ■ h is usually taken to bo the standard position, so that when 
1 I ,iy . . ou the surface of the earth its poteutial onorgy is zero. But 
ii r .a up above the ground, the body possesses potential energy 
civmg to its elevated position. 

In tbe case of pile driver* a large piece of iron called the ram, is 
1 .nnectcd to a rope passing over a pulley. The mass, raised up to a 
height by a number of men pulling at the other end of the rope, 
possesses potential onergy. When released, the mass falls down upon 
tl.10 pilo and dri.es it to some distance into the ground. The stretched 
spring, a cross-bow when fully stretched, the compressed spring in an 
air-gun, i bo spring of a clock or watch when wound, all possess 
potential energy by virtue of their altered configuration. 

73. Measurement of Energy.—The energy of a body is always 
measured by tbe maximum amount of work that caD be done by a body. 

Kinetic Energy.—Lot a body of mass m bo mo\ iug with a velocity 
u at any instant. We are to find the amouut of work it can do before 
coming to rest. Let a constant force P resist the motion of tbe body 
and thereby produce a retardation /, so that P “ mf. Let the body thus 
retarded traverse a distance s before it comes to rest. 
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Then from eqn. in art. 19, u* - 2/s “ 0 whence u 9 = 2/s...(l) 

Kinetic energy of the body = work done against the force before 
coming to rest = force x distance = P.s = m.f.s. 

from (1) kinetic energy = v mu* ••• (73.1) 

Thus the kinetic energy of a moving body at any instant is given by 
half the product of its mass and the square of its velocity at that 
instant, being measured in the same unit as work. 

[f a force P acting upon a mass m increases its velocity from u 
V while moving through a distance s along a straight path, we have, 


to 


v 3 - u* — 2 /s or s 


v* - u 2 


V 


Work done by the force - P.s -mf. 


v~ - u 1 


2 / 


= \mv~ ~ \mii~ 


(73.2) 


Work done = final K. E. - initial Iv. B. 

= Increase of kinetic energy of body. 

Thus, the work done by a force on a body is equal to the increase or 
the kinetic energy of the body. 

Potential Energy.—We know that where the acceleration due to 
gravity is g, a body of mass m is attracted by the earth vertically 
downwards with a force mg, which is the weight of the body. 

Hence if the body be raised through a vertical distance h, the work 
done against the force of gravity is mgh. The energy spent for this 
purpose is stored up in the body and constitutes the .potentia! ***** 

J U v the body by virtue of its position. Again if a body of mas 
Hat through' , 0 f Y vertical height /, the work done by the force of 
gravity is mgh, which is the loss of potential energy of the body. 

Hence potential energy (P. 'E.) a mgh 

... In F . p. S. system. P. E. - mgh ft. poundals - mh ft. lbs. 

Also in the C. G. S. system, P.E .-mgh ergs -mh gm. cm. 

Examples :— . ,, . 

. . i rtiimn 22 000 gallons of water per hour through a 

1. A ” ,s USCi l . l °. Pi “S P rJnured (l gallon of water = 10 lb.) 

vertical height of 100 ft. inxd tha II. \ { ' “ (And. U.— 1052) 

A. Since 1 gallon of water weighs 10 lbs. 22,000 gallons weigh 22 X 10‘ lb. 

In one hour work done = 22 X 10‘ X 100 = 22 X 10” ft. lb. 

22 X 10!__ , b 

Work done per second — 00 X 00 

Since 550 ft. lb. per sec. = l H. P. The horsepower of the engine is 

= H. P. 

00 x 00 x 550 

, . A ir, n triin weighing 250 tons and travelling at the 

2. Find the energy stored1 in n tram we,g e „dded to the train to 

rate of 00 miles per hour. IIow much e gy (C u.—1925) 

increase its speed to 05 miles per hour r 
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A. Mass of the train = 250 X 20 X 4 X 28 lbs. = 5G0000 lbs. 


Speed of the train = GO miles per hour= - 60~>T60 


_ 60 X 1760 X_3 ft> = 88 ft . /sec . 


K. E. of the train = iX 560000 X SS a = 2168S2 X 10* ft. poundals. 

65 X 1760 X 3 286^ 

" 3 


, _ , OO x WOU , 

Also increased speed = 65 miles per hour — 60 X 60 


ft. per sec. 


K. E. at the time = 4 X 560000 X ■*£** = 254476-4 X 10* ft. poundals. 

Energy to be added = (254476-4 — 216832) X 10* = 3764-4-4 X 10* ft. 
poundals. 

3. An engine increases the speed of a train of mass 200 tons from 30 miles 
per hour to GO miles per hour, when it moves n distance of 3 miles. If the resisting 
force bo 15 lbs. \vt. per ton, find the work done by the engine and the power at 
which it is working. 

A. Total resisting force = 15 X 200 = 3000 lbs. wt. 

This force acts over 3 miles i.c., (3 X 1760 X 3) =15840 ft. 

.\ Work done against the force = 3000 X 15S10 = 47,520,000 ft. lbs. 

Now mass of the train = 20(> tons = 448,000 lbs. 


30 miles per hour = 44 ft. per see. ; GO miles per hour — SS ft./sec. 

.\ Increase of energy = 4 X 448000 X (88* — 44 # ) ft. poundals = 40,056,000 
ft. lb,. 

llenc* work done by the engine = (47520 X 10 8 + 40650 X 10 ) ft. lbs. 

= 98176 X 10 3 ft. lbs. 

Ami'll l hr ;i\\ r.vrr speed of the train = i (30 -f- 60) = 45 miles per hour. 

Tiir - to i over S miki = (3 -f- 45) hour = 240 seconds. 


v 





i 1 


of the engine = 


88176 X 10 s 
2 40 X 550 


n. p. 


60S H. P. 


' f. i nt forms of Energy.—The energy possessed by a body 
d in a variety of forms. The different forms in which 

y ip. ear are :— 


chanical energy, (2) Heat, (3) Light, (4) Sound, 
(■>) r" ve il and Magnetic energies. (6) Chemical energy. 

') ^formation of Energy.—The two kinds of energy, kinetic 
'ieritial. are mutually interchangeable. Again energy does not 
!j 5 '■ ■ ar in various forms hut can pass from one form into another. 
S known as the transformation of energy. Thus, when a body 
vised to a height, the energy possessed by it is wholly potential and 
•. ion allowed to fall, the potential energy is gradually changed into 
kinetic energy. When the body is just on the point of striking the 
ground, the energy is wholly kinetic and when it strikes the ground, the 
kinetic energy is transformed into soimd, heat and mechanical energies. 

Again when wo wind a clock or watch, the energy spent is stored 
up in the spring as potential energy. As the spring unwiuds and keeps 
the clock or watch going the potential energy is continuously trans¬ 
formed into kinetic onergy. Tho potential energy of the compressed 
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spring in an air-gun is transformed into kinetic energy when the shot is 
released. 

The oscillations of a pendulum furnish another example. When at 
the uppermost position, the energy of the bob is wholly potentia . a 
the bob moves down, the potential energy gradually decreases and 
kinetic energy is gained and when at the lowest position, the energy is 
wholly kinetic. Again when it moves up from the lowest position 
towards the other side, it gradually loses kinetic energy and gains 
potential energy, till at the highest position of the other side the 
energy is again wholly potential. 


In a hydro electric plant, the water at the higher level possesses 
(potential energy. The water in moving down acts against the turbine 
pits and rotates the wheels when the potential energy is transformed 
into kinetic. The motion of the turbine is utilised by suitable arrange¬ 
ment to revolve the armature in a dynamo. The mechanical work thus 
done is converted into electrical energy. This electrical energy may be 
converted into heat in an electric oven, heat and light in an olootr c 
lamp, mechanical energy in driving a tram car or revovinga fanand 
magnetic energy in an electro-magnet. The recently constructed Ti aiya 
dam across the river Barakar near Hazanbagh has provided an oppor¬ 
tunity of erecting a hydro-electric power station having a- netalted 
capacity of 4000 kilowatts of power for the present, with a pro' is o 
for future expansion of an additional 2000 kilowatts. T 10 s earn 
station at Bokaro situated at the Damodar Valley zone is already I 
ducing 150,000 k. w. of power. 

When coal burns, the carbon of the coal combines with the oxygen 

of the air and the chemical energy is converted into boat and light 
enereies. Vast quantities of water aro evaporated from the seas and 
the oceans by the heat of the sun. The heat gives sufficient energy 
to them oleoulL of water to enable them to evaporate. The vapour bo 
formed oondenees into clouds which melt down into rain which in its 
turn fills the running streams that How down to the seas again. F e 
energy of the running stream may therefore bo ultimately traced to the 
i f f il min Tfc ia to bo noted that the earth ib receiving 

energy fronT the eunutthe rate of about 232 * 10- horsepower 

In the steam-engine, the chemical energy of combustion is clmngod 
into heat 6 energy ; the heat energy is utilised in producing ste.m, and 

is thus converted into mechanical energy in e m mechanical 

and of the wheels. When the engine drives a dynamo, the mechanical 
energy is changed into electrical energy. . . 

When two insulated conductors with opposite kinds of electricity 
are placed at a distance from-eaoh other, the system cons.sting of the 
two charged bodies and the space between them possesses some amount 
of electrical energy. If the two bodios are brought near ouch other 
a spark passes between them, when the electrical energy is converted 
into heat, light and sound energies. 



120 


INTERMEDIATE PHYSICS 


CHAP. V 


Again when a body changes from solid to liquid or vapour even afc 
the same temperature, some amount of heat is absorbed. This heat 
energy is transformed into molecular potential energy and is utilised 
in bringing about the change of state. On the other band when water 
freezes, heat energy is given out. Thus when the water in a lake 
freezes, sufficient heat is given out, which keeps temperature of the 
vicinity greater than that of inland localities. All these cases show 
transformation of energy from one kind to another. 

75. Illustrations of Cases of Transformation of Energy.—The 
following are further examples of transformation of energy. 

(1) Mechanical.—(a) Kinetic to potential—The motion of a 
pendulum bob from its position of rest to the extremity of the swing. 

( b) Potential to kinetic —A body falling from a height ; the bob of 
a pendulum moving down to its mean position from the highest 
position on either side, (c) Kinetic to heat energy. —The wheel of a 
moving engino stopped by putting brakes ; a piece of stone being struck 
against another giving out sparks, (d) Kinetic to sound. —Sound by 
vibration of bodies, (e) Kinetic to electrical energy. —Action of a. 
dynamo. 

(2) Heat. — (a) Heat to Mechanical. —Action of heat engines. 
(b) Heat to light energy .—A white hot body, as the filament in an 
electrical lamp, (c) Heat to sound energy. — Singing llame. id) Heat 
to electrical energy. —Thermo-electric phenomena. ( e) Heat to chemical 
energy. —Formation of chemical compounds by the application of heat. 
eg., oxygen and hydrogen combine with each other when heated. 
(/) Heat to molecular .—Change of state of a substance. 

(3) Light.— (a) Light to electric energy. —The working of a photo¬ 
voltaic cell in a photophono, (b) Light to chemical energy. — The action 
of light in photographic plates ; combination of hydrogen and chlorine 
in light. 

(•}) Sound. — (a) Sound to mechanical energy —Forced vibration 
and resonance, (b) Sound to electrical energy. —Telephone. 

(5) Magnetic.— (a) Magnetic to heat energy. —Rapid magnetisa¬ 
tion and -magnetisation generate heat in steel bars. (6) Magnetic to 
mechanical energy. — Electro-magnetic induction. 

(0) Electrical.— (a) Electrical to mechanical energy. —Electric 
motor.' an 1 tram cars, electric fans, lifts, etc. (b) Electric to heat 
oner iy. k. atiug of conductors by the passage of electric current, as in 
electric furnace, electric iron, etc. (c) Electrical to light energy. — 
Electrical lamps, (d) Electrical to sound energy — Electric bells, 
telephones, microphones ; sound is produced when discharge takes 
place in electric machines or induction coils, (e) Electrical to 
magnetic energy. — Magnetic field produced by electric current ; electro¬ 
magnet. ( / ) Electrical to chemical energy .— Electrolysis. 

(7) Chemical. — (a) Chemical to heat energy. —Combination, as 
in the burning of coul or when lime is slaked ; various other chemical 
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reactions. <» C^icaUo 

oxygen producing a dull g cw ®»« OTica z to mechanical energy—The 

a^MMArss ^tsasA.-*^ 

of gun-powder and other explosives. . , .. . • a u 

76. Conservation of Energy.—It «' disappears and reap- 
cases of transformation. energy ° fche energ y is destroyed alto- 

pears in other forms. Bu in / itself without the loss of some 

gather or any form of energy^appeatB of > any form by one 

other. It ha n % b “ n t ^ Q a o °tha Lme amount by some other system, 
system is equal to the ga combined system remains constant. 

BO that the total d !Se o7 Couse.-ration of Energy. There 

is^no general proof of the principt^but itta. been 

fomrn "unluonTSTe whole of Physical Sciences. It may be 

^TotaT amo^ o, J-W % “."n 

tZ tkou* it maV U ‘ran, 

simple example. Suppose a body f S (Fig. 94). 

ssii u&sfus-m »" 

.... r; 

and let the velocity just at the end of tins 

then v' - 2gx. at fche i n8 tant at 

Kinetic energy of the ooay 

- i sa -“«»r» r;s:r L.... —... 

Thus, we find that as the J increases but the sum of the 

tial energy decreases and the kine r0mainB constant. When 

sSS S&jftt ”S, “15: Z5rn-=r 

h "r -.“irga.-J5iJft.tJ, i. .“i. “ ~ *• 


h' 



Fig. 94 
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shown that at any point of its path, the sum of the two kinds of energy 
remains the same. 

* be above principle denies the possibility of the existence of a 
perpetual motion machine, that is, a machine from which work can be 

of enerTv 7 expenditure of an equivalent amount 

, n ! { , fche macbme were perfectly free from friction, the 

Vn£ Z° Tk ta ,^ 6D ° Ub ° Efche machine Wou ld be equal to the amount 

some 7° M be . greafcer * Tbere are - however, always 

thfl flnArov • ^? 808 ’ 90 e ^ en the machine does no useful work, 

frictiona? rA°\ la y 8uppbe< * gradually be used up to overcome 

frictional resistances and the machine will ultimately come to a stop. 

Example :— 

aside T t i U ° f . a PCnd “' Um h “ “» «”*« 1 metre below the support. It is pulled 
aside till the string makes an angle of 30° with the vertical. If it is now released 
calculate its speed when it moves past the rest position. (Mys. U.—1951) 

an the bob of the pendulum is suspended with a string to a support 
and is hanging vertically ,t must have been above the ground level. So it has some 

Tso' To Z rTVl CaU 51 F ;- Wh - the «*rin«^ pulled tide at an ^ 

Tevel tWh r’ ° f , Bravity ° f th ° bob !s ™ is ' d “P from its original 

le\u through n vertical distance of 100 (1 — cos 30°) = 13-4 cm. 

11 - /.t'r , U ' e maSS ‘’ f ; ,,c t b ? b . lo 1>0 7,1 a,,d acceleration due to gravitv to be ^ 
11 o Vi • n cn ' r£r? ’ of tbe bob in ^ase from E by an amount 13-4 vig. ergs If 

& f ro^r^tirjoi— ini °—=aa 

Thus 13-4 mg. = $ my* or, v* = 26-S g ■. 

Taking g = 930 cm./sec.*, v = 1G3 em./sec. 

rt. Dissipation of Energy.—According to the principle of eon 

nervation of energy, the disappearance of energy in one fort/ is always 

in a!, P oiranoe ° f equivalent amount in some other 
■ ns. bn. in every case of transformation, some amount of the 

doing* STort '° 5„T ln Which f - T oaoDot utilizs it further for 

amount ma>he said to bo lost to us. This is known as the dissipation 

i : ii 2\\ f gV be . n a Ht,OQe fal,a to the ground from a great height its 
kinetic energy disappears completely. But the stone as well as ’tho 

ground wb- ro it. strikes becomes a little warmer and as alre dv m«n 
bionud, the energy is wholly converted into heat sound nnd , ' u • 
energies. But we cannot get back any of these into nr, ? eo ? an,ca 1 | 
and so tc us the energy of the stone is lost. al work 


In n railwuy engine, a considerable portion of th« i 

derived out of heat energy is used up ?n energy 

tances, which again appear as heat in the rails and th« n 16 - S18 ’ 

of carriages Similarly in all machines a Part of tb a ° bean ,^! 

.3 used up in overcoming friction and is so changed intTbeat"^This 
heat cannot be used to do work by any process hUherto known 
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to us. Similarly, the heat radiated by a source in space cannot be 
received back and so may be taken to be lo9t to us. The total amount of 
energy in the universe being supposed constant, the quantity available 
for effective work is continually diminishing. It may happen that at 
sometime there will be no energy available for practical work and the 
whole universe will become an inert mass of uniform temperature and 
“no longer a fit abode for living beings 


N[COLAS LEONARD SADI CARNOT (1706—1832) 

Carnot was born on June 1, 1796 at the Luxembourg Palace. 1 aris. 
His father took a very active part in the French Revolution and had to 
flee to Germany with his family and remain there for some years. In 
1812 Sadi was sent to the Polytechnic School at Paris. When the 
allied army invaded France in 1814, he entered the army and took part 
in the defence of capital. He was then promoted to the rank of the 
military lieutenant. In 1828 he was forced to resign from the military 
department on account of ill-will of his superiors. 

His resignation was a boon in disguise, for now he was able to 
devote most of his time in pursuit of scientific studies. He was most 
interested in the laws of heat and their application to the steam engine 
and all prime movers in which heat is used. His famous book 
“Reflexions on the motive Force of Fire and on the Machines proper to 
develop this Force" came out in 1822. He remarked that in all hea 
machine, capable of doing work, there is always a fall of temperature o 
the working substance as it moves from the boiler to the condense • 
This fall of temperature of the substance was responsible for the outp 
of wprk from the machine. He then formed his famous idea of perfect 
engine in which the heat transformed into work within the 
engine may be given back as the same amount of heat when it s 
worked in the reverse way. Thus he established the principle of tit 
conservation of energy. He died prematurely of cholera on Au 0 us , 

24, 1832. 


Summary 

Work is said lo be done by a force when the point of application of the force 
is displaced. Work = Force X Distance. 

Units of Work. —The absolute unit of work in the F. P. S Bystem is termed a 
foot-poundnl and that in the C. G. S. system is an erg. ie gravi 
of work in the F. P. S. system is termed a foot-pound and that in the C. G. . 

system is a gramme-centimetre. 

Power.— The power of an agent is the rale of its doing work. 

f Units of Power.— The absolute unit of power in the F. P. S. s >' sl " ,n ' S ^ 
rale of doing one foot-poundal of work per second and that in the C. G. b. y cm, 
is the rate of doing one erg per second. The practical un.t of po™. Great 
Britain is one Horse Power <H. P.) : 1 H. T>.= 550 ft. lbs. of work per second 

and 1 kilowatt = 1*84 H. P. 
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Energy is the capacity for doing work. Energy may appear in different forms 
and may be transformed from one form into another. 

Two kinds of energy.— (i) Kinetic and (ii) Potential. 

(i) Kinetic Energy is the energy due to motion. K. E. = imu? 

(ii) Potential Energy is the energy due to position or configuration. P* E. 
= mgh. 

Conservation of Energy .—The total amount of energy possessed by a material 
system can neither be created nor destroyed by any action between the parts of 
the system, though it may be transformed from one form into another. 


Reference 

Arts. 

69, 72, 74 


Art. 71 


Art. 71 


Art. 7 1 
Art. 71 


Art. 71 


Art. 



Art* 73 


Art. 78 


Exercises on Chapter V 

1. Define work, energy and power. Give some examples of trans- 
formation of energy. (Dac. U. —1933 ; Pat. U.—1932 ; Cf . C U..— 
1954; Mod. U.— 1951 ; Cf. Gau. U.—1952 ; Cf . Del. U.—1951 ; Del. H. 
S.— 1951 ; P. U.—1951, ’52 ; Nag. U.—1952). 

2. Show that if a piston is moved along a cylinder against a con¬ 
stant pressure, the work done in a stroke is equal to the product of the 
pressure into the volume swept out by the piston. Explain clearly the 
units in which the work will be given by this calculation. (C. U.—1941) 

3. A company sells electrical energy for lighting purposes at 4jd. 
per kilowatt hour unit and for motors etc. etc. at lid. per unit. What 
is the weekly bill for a factory in which ten 5 horse-power motors run 
for forty hours per week and fifty 100 watt lamps are alight for forty 
four hours per week? (1 II. P. = J kilowatt). 

A. £13. 10s. 

4. Define the terms ‘Joule' and ‘kilowatt-hour.* (Mys. U.—1952) 

5. A train of mass 200000 kgm. travelling at 54 km. per hour is 
brought to rest in 500 metres by the application of a constant force. 
Find the value of the force and the time necessary for the purpose. 

A. 45 X 10* dynes; 1 min. G sec. 

G. Calculate the horse power of an engine drawing a train of mass 
ISO tons up an incline of 1 in 55 against a frictional resistance of 12 lb. 
per ton at the rate of 15 miles/hour. If the steam is shut off, how 
far will the train move before it comes to rest? (< 7=82 ft./sec. 2 ) 

(Mad. U.—1951) 

A. 215*5 II. P. ; 41G' nearly. 

7. A man weighing 130 lbs. lifts a weight of 80 lbs. to the top of 
ri building 30 ft. high in one minute. Find the work done by him and 
his hoisc-powcr. (Del. H. S.—1951) 

A. 0399 ft. lbs. 

S. Water is pumped from a well through a height of 30 ft. by 
means of a 5 II. P. motor. If the efficiency of the pump be 85$:, find 
in gallons the quantity of water pumped up per minute. (1 gallon of 
water weighs 10 lb.). (C. U.—1954) 

A. 407*5 gals. , 

9. What is the work done when a weight of 500 kilograms falls 
through a height of 50 metres and is then stopped r Assume the nor¬ 
mal value of gravity. (Dac. U.—1933) 

A. 24525 X 10 s ergs. 
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10 A bullet of mass 25 gm. travelling with a velocity of 500 
metres per second strikes a target which it penetrates, the velocity on 
“ ierge.r Sing 100 metres per second. What energy was expended 

in passing through the object ? 

A. 3,000 joules. 

11 . A man climbs a tower 500 ft. high in 10 minutes If the^ man 
weighs 105 lb. find the rate at which he works. (F. U.—ivw 

fi T„ elevalo/r-designcd to lift a load of 1,000 lb. «W > • 
floors of a ^i.di„g avcr» B in g 1, ft. per floor ,a a soconds. ^Calculate 

the power of the ele\ ator. 

DcLwnctic and po.eatid eaor^. Ota. ~~“Si*, 

14. A solid mass of 100 grams is allowed to drop from height of 

10 metres. Calculate the amount of kinetic energy gamed by tlm body 
(j being 080 cm. per sec. 9 . v 

A. 0-8 X 10 7 ergs. 

15. Find an expr«sioa for the kinetic energy of n body -- » 

moving with a velocity u. < P * U -- 19j0 - MjS * U ' ,9jU 

10. The hydro-electric station at Konar dam project is to generate 
a nower of 10 000 kilowatts, and the reserves of coal in the Damodar 
vaHey coal fields are estimated to l>e 25.050 million tons. Supposing 
that the coal is deposited at a mean depth of 300 ft. below the surface 
level and the power of the station is incessantly utilised in raising coal, 
calculate the time required to empty all the deposits of coal of that 

area. ((J = S.) • 

A. 600• 13 years. 

17. A simple pendulum is formed by suspending a metal bob from 
a long string. If it swings through a small angle of C on e,l >« side 
its mean position so that the vertical descent of the centre of the bob 
from the extreme to the lowest position is 5 mm find the vdocity and 
acceleration of the centre of the bob at the ends of the andjwhen 

crossing the mean position, given 3 = 080 cm./sec. (Raj. V.-lOol) 

A. 0,102-4 cm./sec.*; 31-3 cin./scc. 0. 

18 A body is falling freely under gravity; show that the sum 
total of energy is always instant. (C U..-1932, *30 ; Pat. U.-1052) 

10. State the law of conservation of energy and prove it in the 

case of a body falling freely under gravity. . n 

(Mys. U.—1952; Anna. b.—19ol ; Cf. 1. U— \J5\) 

20. Trace the transformations of energy which occur when a pen¬ 
dulum hob is displaced from its position of rest and is ^ f _frec to 
oscillate till it comes to rest again. u * ivio) 

oi A body falls under gravity and strikes the ground. Explain 
how "the phenomenon supplies an illustration of the transformation of 
energy. Does it also illustrate the principle of conservation 

22 State and explain the principle of conservation of energy with 
suitable illustration. (Pat. U^-1952 ; Dae. U.—1031 ; C. U.-19-8) 


Reference 
Art. 73 


Art. 73 

Art. 73 


Arts. 
72 75 

Art. 73 


Art. 73 
Art. 78 


Art. 76 


Arts. 

72 & 76 

Art. 76 

Arts. 
74 & 76 


Arts. 
74 & 70 

Art. 76 



CHAPTER VI 

SIMPLE MACHINES 


78. Machine.—A machine is a contrivance by which work done 
upon it’ is converted into ‘work done by it’ in a desired manner. To 
do work on the machine some amount of force is to be applied which 
is called the effort'or power and the resisting force overcome by 
the maohine is called the resistance or load. The effort is usually 
denoted by P and the resistance by W. 

The purposes Iserved by a machine may be roughly grouped into 
three divisions :— 

U) To apply the force at a more convenient point or in a more 
convenient manner, for example, a poker. 

(n) To overcome greater resistance and to raise heavier load, for 
example, a crow-bar. 

(«i) To convert a slow motion at one point into a more rapid 
motion at some other point ; c.g., a bicycle, a sewing machine. 


C’J’tj 


Principle of Work—According to the principle of conservation 
of ei- ) v the work that wo may derive out of a machine can never 

bo n 
force 
there 
the 
work 


ban that done upon it. It may be possible that a small 
. ted through a machine may lift a heavy weight ; but if 


uo loss of energy in form of friction within the machine, 
dooo by the effort on the machine is always equal to the 

, L... • 

UOi.i 


JUO Uy l/IJO OUUIW W v-. .. w -- 

bv tho machine against external resistance. In simple 
* • . . • > • • 1 


language ‘m put* energy is equal to 'out put’ energy. This is known 

as the principle of work. 

Efficiency of a Machine. — A part of tho energy supplied to 
a machine Ubed in overcoming internal resistance in the form of 
tioa and this part is always dissipated in form of heat energy. So 

“ • • • l at 


i ue 


useful work done by a machine is ahvaya less than tho energy 


cc.PI lied. 

'Th' 1 ratio which indicates what traction of tho total energy supplied 
Lo a machine is utilised by it in doing useful work is termed the 
efficiency or modulus of the machine. Hence, 


Eihctcncy ( 12 ) 


Energy utilised or work usefully perf ormed 
Total Energy supplied 


...(78,1) 


The efficiency of a machine is therefore always less than unity 
and is often expressed as a percentage by being multiplied by 100. For 
example, suppose that a machine takes up 400 ft.-pounds of work in a 
cortain interval and delivers 320 ft.-pounds of work during the same 
interval. Then tho efficiency of the machine is 320-*-400 ■* ’8. In 
terms of percentage, it is 80% 
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A perfect machine is that which would utilize the entire energy 
supplied and so the efficiency of perfect machine is unity. Thus 
if P denotes the effort applied and W is the resistance overcome 
and the distance through which the effort and the resistance mo\e 
d x and d „ respectively, then in a perfect machine. 

P x = W x 

If P is much smaller than W. d 2 is much smaller than d L so what 
is gained in power is lost in speed. 

Velocity Ratio.— The ratio of the distance d x , through which the 
effort works to the distance d 9 , through which the resistance is 
come, is called the velocity ratio of the machine. 

Thus, velocity ratio,— 

Distance through which applied force moves _ d x 
" Distance through which resistance is overcome d 9 

Mechanical Advantage.—The mechanical advantage or the force 
ratio of a machine is the number which expresses the ratio of the resis¬ 
tance overcome to the effort applied to the machine to produce equili¬ 
brium. 


...(78,2) 


Resistanc e overcom e _ W 
Mechanical advantage — Effort applied P 


(78,3) 


Therefore. 


Efficiency E 


Machines are usually so constructed that the mechanical advantage 
is greater than unity. 

_ Wd 2 W/P 
Again from above, Efficiency E “ ~ d t d 9 

Mechanical advantage < 704 ) 

3 -- Ti . •. i) . • .. .V. • / 

Velocity Ratio 

As in a perfect machine, E D 1 

so Mechanical Advantage — Velocity Ratio. 

79 Lever.— It is simply a rigid bar straight or bent, capable of 
turning about a fixed point of support, which is called the fulcrum. 
The effort and the resistance are applied at any two points either on 

the same side or on opposite sides of the fulcrum. The perpendicular 



■ 

t 


B 


W 



B 


r 

w 



Fig. 96 


Fig. 96 Fig. 97 

distanco between the fulcrum and the lino of action of effort is called 
the power arm, and that between the fulcrum and line of action of the 
resistance is called the load arm. When the lover is straight, both 
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the effort and the resistance act perpendicularly to the lever 
Since levers are used to overcome resistances, soft and flexible subs 
tances should not be used as the material of the levers, as otherwise 
they might get bent by the forces and a part of the energy supplied 

ma Different Classes of Lever.—According to the different Pos^ona 
of the fulcrum relative to the point of application of the effort and the 
resistance, levers are usually divided into three classes. _ 

Class I.— Here the fulcrum lies between the points of application 
of the effort and the resistance. Thus in fig. 95,P represents the effort 
acting at A, W is the load acting at B and F is the fulcrum. P^ced 
between A and B. The effort P, applied to overcome the load W, 

tends to rotate the lever about F in a coun . tercl ^ 

while W tends to rotate it in a clockwise direction. Hence fo 

equilibrium,— 

The moment of P about F~ the moment of W about F 
. pxAF~W*BF ••• W'LH 

W AF a 

.*. Mechanical advantage = =j- 






whero'a and b are the lengths of the power 
arm and the load arm. 


The reaction R at F is always equal 
and opposite to the resultant of P and W. 
As P and W are parallel and both act 
downwards, the resultant reaction at F is 
given by R = P + W, which acts upwards. 
Hence with this lever, the mechanical ad¬ 
vantage may bo greater than, equal to or 
less than unity, according as the power 
arm a is greater than, equal to or less than 
the resistance arm b. 


Examples of single lever of Class I.—A crow bar, used to raise 
a weight ; a - coker used to raise coal in a grate ; a spade in digging 
the earth ; the handle of a common 
pump ; the beam of a common 
balance ; a boa'-'s rudder ; a see¬ 
saw. To use a packer, for example, 
one cf the hands griping at the 
middle of the handle, acts as the 
fulcrum (Fig. 98). The other hand Fig. 99 

pressing down at one end with a 

forco P acts as the power and raises the load W at the other end. 

Double levers of this\class—A pair of pincers or scissors (Fig. 99). 

Class II (Fig. 96).—Here fulcrum F lies at one end. The effort P 
and the load W act at A aud B respectively, on the same side of F 
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Fig. 100 


but in opposite directions, the former acting at a greater distance than 
the latter from the fulcrum. 

Now the Mechanical advantage 

W AF 

“ p “bf 

Since AF is greater than BF. the median,cal advantage it greater than 

unity. , 

As P and W act in opposite direction and W>P. the resultant, 

reaction at F acts upwards and is given by R - \\ • 

Examples of single Lever of Class II.—A wheel barrow with 
the ^fulcrum at the axle and the power applied at the handle, a 
punching machine, an oar when 
used in rowing (the end of oar in 
this case acts as the fulcrum, which 
is supposed to ho fixed), a crow-bar 
with one end in contact with the 
ground : a cork-squeezer. 

A push cart for carrying luggages 
or board sweepings is an example. 

!X». .r. r.fi 1 r au........ -.»•«- »• 

load acts at somo intermediate point (I’lg. 100). 

Double lever of this Class.-A pair of nut-crackers. 

Class 111.—(Fig. 97)—Hero the fulcrum F is at ono end ; effoit 

resistance W act at A and B respectively, on the same side 
o? F but in opposite direction, the former acting nearer to the n crum 
than the latter. As before, 

\V AF 

The Mechanical Advantage -p “ yp 

Since AF is loss than BF, the mechanical advantage is always /ess 
n TIenco a larger eflort is to he applied to overcome a small 

tZZlf U other' words, the lever ha, mechanical disadvantage^ 

"r I'aT Inf W^ln oppo^r directions and P> W. the resultant 

reaction at F acts downwards and is given by li 1 • 

Examples of single Lever of Class III.-The treadle of a lathe 
examples oi i fa { p j an0 - the human force-arm 

zZoZatJVJa on the *h. 0^. 

jo'nt act, as^the fulcrum and the tension of muscles and tendons as 

IJoubl'e lever of this class. A pair of coal tongs; a pair of forceps 
in a weight-box ; the upper and the lower jaws of the mouth. 

- » Tvnf>-writcr.—In a typo-writcr tho motion is 

convened from the key board to a type through a system of three inter- 

G—9 
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connected levera. K represents one stud of the key board and KDM 
is one of the levers made of thin steel bar with fulcrum at M. (E^g. 101> 
There is a light spring below the bend D of this lever which keeps it 
ordTnar!ly pre 8 Bsed upwards at the position shown. With finger pressure 
on K, it is depressed below aB shown by dotted line. At some interme¬ 
diate point of this lever, another lever FNG is connected with a short 
thick wire and this has got its fulcrum at N. The second lever is con¬ 
nected with the third lever HOT with a light rod. The third lever has 
its fulcrum at O, and carries a type at the end T. In the normal con- 



Fig. 101 

dition this lever rests in an inclined position with its back against a 
rubber band B. But when the key is depressed, all the lovers take 
the positions as shown by dotted lines and the type impinges against 
the roller R with a ticking sound. Here the lever EDM belongs to the 
second system and the other two to the first system. 


Example :— 

1. A pair of nutcrackers is 5 inches long and when a nut is placed J inch 
from the hinge, a force of 8* lb. wU applied at the end wdl crack the nut. What 
weight if rim ply placed at the top of the nut would crack it? (Utk. U.—1952) 

A Tina is a class of lever iu which fulcrum is at one end, the effort is applied 
at the’ other end and the resistance overcome is at the intermediate position. Evi- 
dcntlv it belongs to class II. The effort P =3-5 lb. wt. Arm of the effort = 5 m. 
Ann of the resistance = * inch. Hence for equilibrium, 

S*a X o = >V X i whence \V = 20 lb. wt. 

Thus a force of 20 lb. wt. placed directly on the nut would just crack it, 

30. Pulley.—A pulley consists of a small circular disc or wheel of 

wood or metal L, called the sheave the circumference 
of which is cut into a groove (Fig. 102). The disc can 
revolve freely about an axle passing through its centre 
right angles to the plane of the disc, the axle being 
supported in a frame-work B, called the block . 
The pulley can be fixed to any rigid support with its 
ring R. 

If the block, be fixed, as in fig. 103, the pulley 
is said to be fixed, while if the block can ascend or 
descend, as in fig. 104, the pulley i6 termed movable. 
In a single fixed pulley, the weight W is attached 
to one end of the string and the effort P is applied 
Fig. 102—Pulley by pulling at the other end. If the pulley is smooth,. 
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and the string is considered weightless and perfectly flexible, the tension 
of the string is the same throughout. Also the distance 
through which the load ascends is equal to the 
distance through which the power descends. Hence 
from the principle of work \\ P 


Mechanical advantage 


W 

P 


( 80 , 1 ) 



Fie. lOii 


In practice, however, due to friction at the pulley 
W is always less than P and so the mechanical ad¬ 
vantage is slightly less than 1. This pulley i* usei 
only m changing the direction of the force, a downward 
p U U in this case being changed into an upward one 
It is used for raising weights, drawing curtains, etc. 

In a single-movable pulley (Fig. 104) the pulley 
ifi supported by a string, one end of which is attached 
1® a tixed support, while effort P is applied at the other 
end The weight W to be raised is attached to the pulley block. 

As the pulley is smooth, the tension T in any part of the string is P. 
As the pun y Ne glecting the weight of the movable pulley, the 

weight W is supported half by the tension of the fixed 

portion of the string and half by the tension of the 

moving portion. Hence W 8=3 2P^ 

.-. Mechanical advantage - p * 2 ... (80,Cy 

Hence by a given effort twice the weight can bo 
raised. In practice, as the pulley is not weightless, thu 
mechanical advantage is a little less than 2. 

Coinbinatiou of Pulleys. —Pulleys can be puc 
into different combinations ; the different systems 
having different mechanical advantages are used for 
different purposos. In the combination, shown in 
105 & 106, the pulleys are arranged in two b'.otuis, 
the upper one being fixed to the support and the lower 
fho weight W is attached. The same string passes 
“°u D d»U thepiC.oT“end or which is attached to a block while 
the effort P is applied at its free end. Fig. 10o shows ft co-axial system 
and fig. 106 a colltnear system of pulley blocks. 

The tension of the string is the same throughout and is equal to 
tbe effort P in each portion. Let weight to be raised bo W and the 

weight of the lower block w. 

Let tbe number of portions of string at lower block - n 

Then nP—W + w 

If the weight of the lower block is neglected. The Mechanical 

W ... (80,3) 

advantage ~ “ n 
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-r* u tViA efficiency of a machine is the mechanical 

“dvantagTdivided by the vel».^ to be^oticed^ that Jn ^ 

the mechanical advantage is 4 neglecting 
weight of the block, but drawing of 8 
feet length of the rope, would raise the 
load only by 2 feet. Hence velocity ratio 
is 8 -*-2“ 4. Thus the efficiency comes 
out to be unity or 100 % theoretically. 
But due to the weight of the lower block 
and frictional resistances at various 
parts, the effective efficiency is less than 
the theoretical limit. 

81. Wheel and Axle.— It consists of 
two cylinders arranged so as to turn on 
the same horizontal axis ; one of these is 
a grooved wheel AB (Fig. 107) of larger 
radius called the wheel, while the other 
is a coaxial cylinder of much smaller 
radius cillod the axle j which can turn 
freely on fixed supports. A rope is 
wound round the axle, one end of which 
is fixed to the axle, while the free end 
supports the weight W. Another rope 
is coiled round the wheel in o pposite 
direction, one end of which is attached 
to the wheel, while the effort P is applied 
downwards at its free end. When P 
moves down, the rope round the wheel 
unwinds and that round the axle coils up causing W t o move upwards. 

Let the radii of the wheel and the axle bo a 6 respec¬ 

tively. When they make one complete revo¬ 
lution, a length 2”a of the rope attached to 
she wheel unwinds t.e.,P moves down through 
‘2- l r while a length 2*6 of that attached 
to the axle coils round it i.e., W moves 
up through 2*6. Now according to 
the principal of work in a frictionless 
machine, the work done by the effort 
is eqn.al to that done on the resistance. 

Hence P * 2 na - W * 2"6 

P x a - W x b. 

W a 

Mechanical Advantage “ p “ 5 * 



or 



* « 


radius of wheel 
radius of axle 


... ( 81 , 1 ) 
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By making a larger and b 
mechanical advantage can be in¬ 
creased. A modification of the 
wheel and the axle is the windlass 
which is a device used to draw 
water from wells and consists of a 
horizontal roller with handle 
attached at one end. Another 
modification is the capstan which 
i 9 used on board a ship to raise 
anchors by coiling the rope round 
a vertical axis. 


smaller within practical limits, the 




Fig. 109 


8 9 Toothed Wheels.—In machinery, the speed of revolution 
t f tAart’Q often required to he adjusted to suitable needs, 

Sr ? rest*rsua 

p whenever necessary. Such 

a belting arrangement is 
shown in the diagram of 
the steam engine in 
Chap. X of the part, on 

Heat. When the ‘load’ on 

the driven shaft circuit is 
high or the friction between 

the rim of the wheel and belting not sufficient there may be a slip 

between the two and the desired rotation may no >e ■ 

quently suDieient precaution must be taken to seen a bood grip 
between the belt and the flywheel. Nevertheless belting 1ms 

advantage that it can bo run with a high spee . without linV 

To secure the best possible grip on the flywheels w thout an, 

chance of slip, the rim of each wheel is cut into a nuiubei 
teeth and a grooved chain fitting 
into such teeth, may bo made to 
pass over the two. Such an arran¬ 
gement is called chain gearing or 
chain driving. The pedal of a 
bicycle iB connected to the axle 
of the rear wheel by means of 
chain drive. (Fig. 109). The dis¬ 
advantages of this arrangement at 
increasing speed is a high friction 
between tho chain and the axle- 

When the shafts are quite . ... ... 

close together, the rims of the flywheels are provided with teeth 



Fig. HO 


/ 
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which engage with each other as shown in Fig. 110. The teeth of both 
the wheels are made exactly identical. The radius of a wheel is taken 
to be the distance from the axis of rotation to a point at half the height 
of any tooth. The effective rims of the wheels are represented by 
dotted circles. The distance along this dotted line between midpoints of 
any two consecutive'teeth is called the pitch of the tooth. Since the 
pitch of the tooth is equal on both the wheels, the number of teeth 
multiplied by the pitch is equal to the circumference of a wheel. 
Thus, if n l and n a be the numbers of teeth on the wheels, p the pitch 
and ?*! and r a be their respective radii, 


Then, — 2nr x and n 2 p 


2 n r 2 , or 


n, r a ‘ 


... (82,1) 


If Ni be the number of revolutions of the first wheel per secQnd, 
then across any point, N-iiii teeth would pass by during the period. 
The same number of teeth of the second wheel would pass during one 
second across that point. Call this number N^n*, where 2S T a represents 
the number of revolution per second of the second wheel. 


Tims, 


N a a — 
Ny n a r a 


... (82,2) 


Therefore the number of revolution is inversely proportional to the 
radius of the flywheel. If it is desired to make the speed of the driven 
shaft double that of the driver, the secondary toothed wheel would have 
to be ciiosen of half the radius of the primary wheel. 


83. Common or Roman Steelyard.—The Common Steelyard 
is a machine for quickly weighing heavy bodies. It forms a lever of 
class I. It consists of a long uniform rod CD (Fig. Ill), movable 
about a fixed fulcrum O, whioh is situated a little away from the 
centre of gravity of the rod. A hook is attaohed near one end 

? say D, of the rod, from which bodies 
to be weighed are hung. A movable 
standard weight P slides along the arm 
OC. The weigbt # of a body iB determined 
by finding the division at which the 
weight P is to be shifted, so as to make 
the rod horizontal. The instrument is 
previously calibrated and the divisions 
are engraved ou the rod. Thus we see 
that this steelyard is a balance in which 
weighing is done by adjusting the power 
arm and not by changing weights as in common balance 



Platform Balance.—This is used to find the mass of a 
heavy load. When used to weigh luggages and heavy parcels in rail¬ 
way stations, it is called a platform balance. It works on the 
principle of a common steelyard a3 is indicated in fig. 112. It consists 
of three lovers/F»( 7 , F x de and ob F 3 , having their fulorums respectively 
at F a , Fj and F a . The platform P, upon which the load is to be 
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u 


u 


* fhf 2 
Fie. 112 


placed, rests cm two knife edges a and b, fixed on the lever* ab and be 
close to the respective fulcruma. Any pressure exerted on the platform 
may be regarded as being distributed at the points a and b. The 

pressure is cocnmunicted to 
the end e of the lever ae and 
a very small force is required to 
balance it, as the arm F t e is 
much longer than F»fl. Theu e 
is again attached by a vertical 
rod to the point f of the lever fg 
which has its fulcrum t » \or\ 
near to /. Thus a small effort 
acting at the end g of this can 
balance the force at/. Standard q=. 

weights suspended from g cons- __ 

tituto the effort. Very small 
fractions of weights are mea- ^ 
eured by sliding a small weight 
along F a 0. which has been pre¬ 
viously graduated for the purpose. 

It is evident that considerable mechanical advantage is o aiI j e J 
here as quite a email weight balances a very large one The wetgh 

bridge used for weighing trucks of coal, etc., or any loade ^ car 
contents, also consists of platform resting on a system of lovers m \\huM 
a system of small weights balances the load, so that there if 

derable mechanical advantage. 

84 Inclined Plane.—Sometimes a heavy load may bo convem- 

atMuns 

them. 

The weight of the loud acts vertically 
downwards. The component of this force 
parallel to the plane is W which is 
W x sin 0. Hence if an offort P equal to 
this component he applied in opposite 
direction, the load may he kept station¬ 
ary at any position on the piano. Thero- 
fore for equilibrium. P“ W sin 0 

... 184.1) 



W 


or 


1 

sin# 


/ 

h 


llZlLlfoi tn i. ^ 

the height of the plane. 
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85. Screw.—The screw is a modified form of an inclined plane. 
The formation of a screw is understood from the following illustration. 
Imagine a vertical cylinder and a piece of paper cut in the form of a 
right-angled triangle. Place the triangular piece of paper with its base- 
at right angles to the axis of the cylinder L and gradually warp it round 



Fig. 114 Fig. 115 Fig. 116 


the cylinder (Fig. 114). The hypotenuse will trace a spiral path over the 
cylinder, which is called the thread of the screw. A screw is generally 
provided with an arm by which it can he rotated. Sometimes a 
groove is cut at the head of the screw to facilitate its rotation by means 
of a screw driver. When a screw is fixed up in a piece of wood or in 
a nut, then by the application of the power applied, it turns round and 
moves bodily forward in the direction of the length. For each complete 
turn, the screw moves forward a distance which is equal to the 
difference between consecutive threads measured parallel to the axis of 
the screw such as a length PQ. This distance is called the pitch of the 
screw. Thera are various forma in which a thread of a screw may be 
cut. Fig. 11 5 represents a screw with a square thread. Fig. 116 shows 
a screw jack which is used to raise a heavy load, such as a motor car, 
through a small height. The jack is placed on a firm base in such a 
way that its head If very nearly touches the underside of the load W to 
bo raised. The screw 8 is then rotated by the handle H, whereby it 
rises through a stout nut fixed within the cylinder C acting as its base. 

Suppose that a screw is rotated with a force P applied at right 
anglo to the end of the arm of length l. Then for one complete rotation 
the work done by the effort is 2^/P. If the pitch of the screw is h 
nnd the resistance W, then work against the resistance Is AW. For an 
ideal screw there is no loss of energy in friction, 

W 9.n/ 

2*1P“AW, whencep ... (85,1) 

But for an actual 6crew, there is some loss of energy due to friction 
at various parts and so the force i f resistance W fulls short of the ideal 
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l Thus the ratio W/P becomes less than 2 M h. In the practical 

cTencv of the screw U k es the ta- ^ 

Actual mechanica^dNant.i^e^ „ ... (85^) 

Efficiency 0 velocity ratio 2 l 1 

sft 

“ “ :u,n. - --—»-+*’■ -—'■*’ 

block = 1 ton + 100 lbs.-2310 lb,. ^stance to be overcome. 

As half the work is used in overcoming fnebon. 

W = «80 lbs. wt. st ^ thc , owcr Uock is G. W = 0 P. 

As the number of segment. _ g0 G _ 780 lbs. wt. 

Total effort to be applied »y ,nen __ 780 10 = 78 lbs. wt. 

V Hence average pull per men _ ^ ^ 10 _ 4 r j8 00 ft. lbs. 

V Total work done in one minute (4CS0U 10) = 4G8U ft. lbs. 

V Work done per man per minute _ s300 o = 0-l« approx. 

T: 

3 °am d ov f a°b“ who"* tbs'Td find also the point from ah,oh the 

measured. . extreme end B. the weight that can 

A. When the movable “ a ^ bo W which acts at A. The d,stance 

be weighed is the greatest. Let tins E 

01 ^“tTthe 7er risis throagh the middfe point of Ah. whose distance from 

the fulcrum is thus equal to 8 . . 

Hence taking moments abount the Mem"- ^ 

w X 4 = 3 X 8 + - x 20 * '! nCC . int on the right of thc fulcrum. 

As the weight of the steelyard acts throng' P , fulcrum to counterpoise 

the movable light must be at^b^Unceof *** ^ ^ 

the weight of the steelyard. Ut the 

x inches. . , g 

Then 2 Xx =3 X 8 "hen * - but is 8 inches to thc left of A. 

Hence the point does no bundle 30 inches long. A force 

3. A screw jack with u P 1 ^' ° ^ u( J° of flG0 0 lb. is being lifted. Ca'cuiatc^tho 
of 20 lb. must be applied " *n dvnnlage u „d the cfT.cicucy. (E. • t. 

velocity ratio, the actual mechanic.. 


W 6000 

A. Actual mechanical advantage “ p ” 2 0 


830 


Velocity Ratio — 


2 X 8-14 X so 753-G 
25 


♦ • 


Actual mechanical advantage _ 880 

Efficiency = - velocity ratio 100 


= .ja'8% 
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OARL GUSTAV PATRTK DE LAVAL (1845—1913) 

De Laval was born at Blasenborg, Sweden in 1845. He web 
graduated from the University of Upsala. He received the degree of 
the Doctor of Philosophy from the University of Stockholm in 1872. 
After finishing his University career he was engaged for a few years 
in the construction of several industrial plants. After 1877 he directed 
his attention to inventions of various types of machines such as a 
.bessemer converted for making steel, a centrifugal cream separator, 

etc. The principle of a centrifugal separator has been utilised today 
to varieties of purposes. 

In 1870, he devised a machine in which the force of steam through 
a nozzle was utilised in blasting sand. The nozzle was capable of 
rotation and was bent at the exit. He observed that the nozzle rotated 
at high speed as the steam pressure was increased. Thus he con¬ 
ceived the idea of making a wheel rotate by impinging steam on its 
blades. In 1883 he made his first practical application of a steam 
: t ’^ 6 smaller turbines acquiring a speed of revolution as high 

as oO.OOO per minute. Modern high speed machines are all run with 
steam turbines. 


La»al also invented steam boiler capable of withstanding a pressure 
of 1500 lbs. to the square inch. In 1892 he received the gold medal 
of the Swedish Academy of Sciences. In 1904 he was awarded the 
Grashof medal from Germany. He died in February, 1913. 


Summary 

A machine is any contrivance by which a force applied at a given point in a 
given direction is made to appear at some other point in a different direction and 
with different intensity, to overcome some resistance there. 

W 

a - 

P 

Useful work done 


Mechanical Advantage of n machine = -£^ stanc ® 

effort 


Efficiency of a machine = - _ 

lotai energy supplied 

In any lever, effort X perpendicular distance from fulcrum. 

= resistance X perpendicular distance from fulcrum. 

In lever of class 1, fulcrum is in the middle ; W -f- P may be > = or < 1 

In lever of class II, resistance is in the middle ; W-j- P is always > 1 

In lever of class III, effort is in the middle; W — P is always < 1. 

In a single pulley the mechanical advantage is unity, whereas in a differential 

pulley system, the mechanical advantage is inreeased a number of times. 

In a wheel and axle, the ratio of the radius of wheel and that of the axlo 
gives the mechanical advantage. 

For a firm grip toothed wheels and pinions arc used in machinery. 
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Roman S.eclyard is an appliance belonging to a .lever d lass for oeiglnn, J objects 
conveniently. A platform balance .s an unproved lexer system 

PUn> An S inclined plane is an appliance for raising heavy objects. A screw is an 
improved form of an inclined plane. 


Exercises on Chapter VI 


a . Define the terms "velocity " "rS/" 10«1 
“efficiency" os applied to machines. (- y • ^ p ^_josl. \53). 

*. Describe a lever of class III. Calculate its mechanical advan¬ 
tage and show how the principle of work is satisfied th^ v _ m o) 

8 . What are levers t Give examples of different cl^es^oMever. 

4 . Give a very brief description of the second sysbrm of^ pulleys^ 
and deduce the mechanical advantage. ' ' 

jl sssv.ts — 

Sree pulleys. Explain what the mechanical advantage is. 

6 . Deduce the mechanical advantage of a wheel nnd_«xle from 
the general principle of the conservation of energy. (P. U. - . 

7. Sketch a common steelyard. Explain its underlying principle 
and show how it is graduated. 

8 Explain the construction and action of a railway p at orm 
balance used for weighing heavy parcels^ luggages^ ^ 

0. What are the two ways in which effort can be applied in raising 
a body up an inclined plane ? Which is more advantageous mdwhy ? 

10. Derive on expression for the mechanical advantage^^a 

screw. ' 

11. The arm of a screw jack is 15 inches long and the screw has 

10 threads per inch. Find the force in seers that will be required to 
lift one side of a lorry weighing CO mds. • 

A. 2*55 leers. , . 

12. Find the mechanical advantage and efficiency of a screw Jack 
if an effort of 1 kgm. weight is applied at the end of the arm ~l. cm. 
long to lift a mass of 250 kgm., the pitch of the screw 
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CHAPTER VII 

PROPERTIES OF MATTER 


86. Physical States of Matter.—Matter can exist in three diffe¬ 
rent states namely solid , liquid and gas. A solid preserves a definite 
shape and volume and it opposes any force which tends to change its 
shape. A given mass' of liquid has a definite volume but no fixed 
shape i; and when at rest it takes the shape of the containing vessel 
winch it fills, maintains a free horizontal surface and offers no resis- 
tance to any external force tending to change its shape. A gas has 
neither a definite shape nor volume ; it entirely fills up any space in 
which it is enclosed and always tends to expand. Liquids and gases 
are both included under the common term fluid, for if un-opposed, 
they can flow from one place to another. 

A few solid like pitch, sealing-wax, etc., do not maintain a definite 
s ape while liquids like treacle and tar do not readily assume a frea 
horizontal surface ; such substances are said to be viscous. On being 
heated, a solid may be converted into a liquid and a liquid into gas ; 
while on cooling, the process may be reversed. Thus ice. water and 

steam aro the three different states of a substance of the same chemical 
composition. 

87. Constitution of Matter.—A portion of matter f . whether solid, 
liquid or gas, may be divided and subdivided into smaller and smaller 

parts, each of which possesses properties identical with those of the 

original matter. A molecule iB the smallest particle of aDy kind of 

matter, which can exist in a free state still possessing the properties 
of that matter. 

Intermoleeular Spaces. When a body is compressed or when 
it i9 cooled, its volume contracts ; on the other hand, its volume in¬ 
creases, when it is pulled out or heated. Again if sugar is dissolved 
m water, the volume of tho solution is less than the total volume of 
sugar and water taken separately. These facts prove that the molecules 
constituting a body are not in intimate contact with one another bub 
there are spaces between the molecules ; these are known as 
utermolecular spaces. Any alteration in these spaces by any 
physical process produces a change in volume. 

Iniennolecular Forces.—The molecules of a body are held 
together by means of forces of attraction, called tho intermolecular 
forces. This force is very strong when tho distance between them is 
small compared to their dimensions, but it becomes vanishingly small 
when the distance exceeds a certain critical value. The molecules are 
supposed to be in a state of rapid motion within the intermolecular 
spaces duo to which they tend to separate from one another but due 
to mutual attraction they cannot leave each other permanently. Thus, 
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the molecules are under the simultaneous action of two opposing 
tendencies and a change in their relative proportion gives rise to 
different physical states of matter. 

In a solid, the intermolecular attraction is far stronger than the 
molecular tendency to separate, so that the molecules are held together 
with a strong force. It is for this reason that a solid has a definite 
shape and volume and it offers a great resistance to any change in i,s 
shape or volume. In a liquid, the molecular attraction is rather feeble, 
so that any portion can move relatively to the other. A liquid has 
therefore no definite shape and yields to any external force tending to 
change the shape. In a gas, the molecules are widely separated from 
one another, so that the molecular attraction is negligibly smal or 
practically absent and hence molecules can move about independent ot 
each other. A gas has therefore no definite shape or volume hut 
completely fills the containing vessel and offers much less resistance 
to any tendency of change in volume. 

Physical and Chemical Changes.—Water, when sufficiently 
cooled, changes into ice and when heated, passes into vapour. put 
in each state the constituent molecules retain the same composition. 
The changesin which the constituent molecules and consequently tno 
substance as a whole retain the same composition, are called physical 
changes. If now electric current is passed through a mass of water 
(acidulated) two kinds of gases are produced The properties of the* 
gases are quite different from each other and also ditlerent from those 
of water. Again if electric sparks bo passed through a requisite prop, • 
tion of hydrogen and oxygen, the gases explosively combine to foim 
water. These changes in which the constituent parts lose their uk.n- 
titles and give rise to a substance having different properties, are cal. d 

chemical changes. 

88. Properties ot Matter—Properties possessed by bodies it. a 
the physical states,—solid, liquid or gaseous, are termed ,,, rniat 
properties. While those properties which are found id a paiticu .. 
state or states hut not in all the three states, are called s/a.cii 

properties. . . 

Density—Every body whether solid, liquid or gaseous contains 

some quantity of matter and so possesses some inertia 

homogeneous, the mass contained in un, volume of the ho > is called 

the density of the substance of which the body is made, ilcnco 

density is a general property. 

Elasticity —It is the property by virtue of which a body oilers 

. . . i e rf . r lend ini' to change its volume or shape 

resistance to external forcob loaum^ tu ^ b will tend to 

or both. Whenever deformed upto a certain l.^.^jl 
regain the original volume or shape. Hence elastic.ty is also gc 

Pr ° A r Ly is said to >*p, tr,,dl V** an external force liow- 

No" bo'dT'is 0 " Perfectly rigid, hut substances such as glass and steel. 
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possess rigidity to a very high degree. Again a body is said to be 
:perfectly elastic when it completely recovers its original volume or 
shape after the deforming force has ceased to act. 

Elastic Limit.—No body is perfectly elastic. It is found however 
that a body will behave as a perfectly elastic body i.e., it will completely 
regain its original condition, when the deforming force does not exceed 
a certain limit, depending on the nature of the body. This iB called the 
limit of elasticity or elastic limit of the substance. If the force is 
increased still further, the body acquires a permanent set and is said to 
be overstrained. 

Elastic Fatigue.—If a comparatively large force even within 
the elastic limit acts upon a body for a time, the body does not 
readily return to its original state, even when the deforming force has 
ceased to act. The body is then said to be in a state elastic fatigue. 
If the force is taken away and the body is allowed to rest for some 
time, it gradually recovers and comes back to its former state. 

Hardness.—It is the property due to which one solid offers resis¬ 
tance to being scratched by another. There is no absolute value for 
the hardness of a substance but it is a relative property and is deter¬ 
mined by referring the particular substance to a scale pf hardness, 
usually Mohrs Scale of Hardness, in which the substances are arranged 
in such a wav that each of them can be scratched by those following 
and not by tiny ibat precedes it. Steel is harder than many substances 
and diamond is the hardest substance known. Hardness is special 
property of a solid 6tate. 

Cohesion.—It has already been mentioned that the molecules of a 
body attract each other with a force which tend to bind the molecules 
to one another. The binding force is called the cohesive force and the 
phenomenon is known as cohesion. In case of cohesion, the forces of 
attraction bind molecules of the same kind. Cohesion is very high in 
solids, so that the molecules are bound to one another with great force, 
and thus give a definite shape to a solid. It is, however, different in 
different solids. In a chalk or lead pencil, the particles are held 
together by cohesion. Cohesion is also exhibited to a slight extent in 
liquids and is practically absent in gases. The formation of drops 
by liquids when in small masses e.g., dew or rain drops, is due to 
cohesion. 


Adhesion.—The force of attructicn that bind molecules of diff erent 
kinds are called adhesion. Tiius duo to adhesion water adheres to glass. 
If a glass plate is made to boat od water, great force will be necessary 
to take off the plate. Sticking wood by glue, joining bricks by mortar 
and the process of soldering or nickel plating are instances of adhesion. 
Properties such as surface tension, viscosity, diffusion etc. which are' 
characteristic of fluids are dealt with in Chapters XII & XIII of 
General Physics. 

89. Stresses and Strains.—When a force or system of forces 
acting upon a body causes a relative displacement of its various parts, 
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a change of length, volume or shape takes place. The body is then 
said to be strained by the force and the change in the length, volume 
or shape of the body to the original quantity is called a strain. The 
strain is therefore a pure ratio and has got no unit. 

When a body is put to a strain by external forces, internal forces 
of reaction are called into play due to relative displacement of its parts, 
which tends to restore the original shape of the body. The reactions, 
set up within the body, are equal and opposite to the forces applied, so 
long as there is no permanent distortion. The restoring force generated 
per unit area of the body is called a stress. The internal forces of 
reaction called into play during a state of deformation of the body are, 
by Newton’s Third law of Motion, equal and opposite to the external 
applied forces. Hence we measure a stress by examining the external 
forces per unit area causing the deformation of the body. 


(i) Volume Stress and Strain.—When the body^is subjected to 
uniform pressure acting perpendicularly at every point on the surface, 
there is a change in volume only without any change in shape. Sup¬ 
pose that a body of the shape of a cube represented by ABCDKLMN of 
fig. 117 is acted upon by uniform force P perpendicular to its faces. 
This system of 
forces will tend to 
squeeze the body 
uniformly from all 
directions and con¬ 
sequently the body 
would contract in 
volume its shape 
remaining unalter¬ 
ed. The amount 
of contraction is 
proportional to the 

magnitude of the .. ,, , , .. 

pressure applied at each face provided certain limit called the ela.tio 

limit, dependent on the material of the body, is not surpassed. Fig. l b 

shows the nature of contraction, in which the face A BCD reduces to 

EPGH. Correspondingly other faces contract by the same amount. It 

V be the original volume of the body and v, the change produced in 

this volume, then 

Volume strain -v/V ••• ^9,1) 




Fig. 117 


Fie. 


118 


Bodies in all tho three states may suffer volume strain. In tho 
case of solids and liquids, the strain produced is very email oven lor a 
large force, while in case of gases, even a small force produces a 
measurable change in volume, so that the strain is appreciable. 


When the body is squeezed in volume by the application of external 
forces perpendicular to the surface of tho body, it tends to regain tho 
original volume due to elasticity. Hence the stress developed within 
the body is equal to the externally applied force per unit area or 
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pressure. If P be the force applied on any face of the cube and if the 
face area be <, then the normal stress is P/<. 

(it) Shearing Stress and Strain.—When a solid is strained in 
such a way that it undergoes a change only in shape or form but not a 
change in volume, it is said to suffer a shearing strain. 


i J 


y — r—* p 


Let ABCDEPGH represent a rectangular block (Pig. 119) whose 
face DCGH is kept fixed to a horizontal bed. Let a forcePact uniformly 

and tangentially over the 
faces DG and BE, so that 
the place BE is displaced 
through a small distance 
relatively to the face DG 
/ and the block assumes a 

form CDLKGHIJ of a 
rhombus. The material 
of the block between the 
faces DG and LJ under¬ 
goes a change in form only 
but no change in volume. The bl ck therefore suffers a shearing strain, 
which is measured by the angle k DL (Fig. 120) called the angle of 
deformation or angle of shear. 

Let /_ ADL D 0, AD - b, AL «=> .r ; as 0 is small. 9 =* tan 9. 



yhearing Stress «= 0 = ta i 0 ...(89,2) 

The relative displacement for planes at unit distance apart is 
known as the displacement gradient. The corresponding stress is called 
the shearing stress. If the area of the upper or lower face is s, on 
which the tangential stress is acting, then 

Shearing Stress “P/s — p, say. 

The elasticity in this case is called the elasticity of shape or 
simple rigidity. As or.ly solids j ossoss a definite shape of their own, 
this kind of elasticity cun occur in solids only. 

{Hi) Longitudinal Stress and Strain.—If a body which is very 
long in comparison to other dimensions, for example, a thin rod or 
a wire, is acted upon by stretching forces PP at both ends in the 
direction of its length, then the deformation takes place along the 
length only (Pig. 121) ; the strain in this case is termed the 
longitudinal strain or tensile strain. 


p A_ 

^ r. - —i i, r i » « i 


B p 


D 


Fig. 121 

If L be the original length of the body and l the ehauge produced 
n this longth, then 

Longitudinal Strain —If L ...(89,3) 
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The corresponding stress is sometimes called the tensile stress 
and the elasticity in this case is termed longitudinal elasticity. If 
P be the force acting at each end of the specimen over an area of 
cross section x, then the tensile stress is P/x. 


90. Hooke’s Law : Modulus of Elasticity.—In all cases of 
strains, there should be some relation between the strain or deformation 
produced and the deforming force. Robert Hooke experimentally found 
that in all cases of stresses and strains within elastic limit, the stress 
developed is proportional to the strain. This is known as Hooke’s law. 


T-T , .. . Stress 

Hence, stress x strain •• — a constant 


(90,1) 


This constant is termed the modulus of elasticity or co-efficient of 
elasticity and depends only upon the nature of the material and kind 
of the deforming force used to produce the strain. The modulus may 
also be deGned as the stress developed to produce unit strain 

Different moduli of Elasticity. —The modulus of elasticity be¬ 
comes different according to the nature of tho strain produced. As 
strain is a pure ratio, each modulus is expressed in tho same unit a6 
the corresponding stress. 

(i) Balk Modulus.—Let a force of p dynes per unit area act 
normally all over the surface of a body of volume V and thereby produce 
a diminution of volume v. Then, 

Stress = force in dynes per unit area and strain =■ /’ V 

Modulus of volume elasticity or bulk modulus k is given by 


h 


JL. 

v/v 


dynes per sq. cm. 


(90,2) 


If the force is expressed in poundals and area in square inches, tho 
unit of bulk modulus is then expressed in poundals per sq. inch. 
As a body possesses some volume in every state of matter, tho bulk 
modulus is a general property. A liquid possesses very high volume 
elasticity. The reciprocal of bulk modulus is called compressibility. 

( ii ) Modulus of Rigidity.—Lot a body undergo a chango only of 
shape or form, a9 in Gg. 119, without any chango in volume, duo to a 
tangential force p per unit area ; thon 

Shearing stress — p and Shearing strain -» 0 = xlb 


:. Modulus of Rigidity n*= p ^ 


pb 

x 


(90,3) 


The unit of rigidity modulus is of the sarao nature as that of hulk 
modulus. 


The shapo of a soild may be changed in various ways, viz., by 
flexure or bending, by torsion or twisting and by tension or stretching. 
Tho Elasticity of Flexure is tho property in virtue of which a straight 
rod or plank bent by the application of a force, will recover itself when 
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the force is taken away. This is found in clock and watch springs, 
bows, carriage springs, etc. 

The Elasticity of Torsion is brought into existence when one end 
of a wire is kept fixed, while the other end is twisted.' This is shown 
by suspending a ball from a long wire at the upper end. The ball 
i9 rotated and when set free, it will keep on revolving in both the direc¬ 
tions and will come to rest after a time. 

(Hi) Young’s Modulus (modulus of longitudinal elasticity ).— 

Suppose a wire of length L cm. and of cross-section * sq. cm. is 

stretched by a force P dynes along its length and thereby suffer an 
increaso l cm. in the length. (For Expt. vide J. Chatterjee’s Inter¬ 
mediate Practical Physics). 

Then Tensile stress = P < and Tensile strain •= J/L 

Young’s Modulus (Y) = dynes/sq. cm. ... (90,4) 

(u’) Poisson’s Ratio.—When a rod is subjected to a longitudinal 
extension by a tensile stress, it is accompanied by a lateral contraction. 
The ratio of the lateral contraction and longitudinal strain is called the 
Poisson s ratio. If b be the amount of contraction of a rod of width 

H, then lateral contraction is b B. The longitudinal strain is l‘L. 

Thus the Poisson’s ratio, usually denoted by is given by, 



... (90,5) 


It has got no dimension. For a long and thin wire, this ratio is 
i-t eligibly small and may bo neglected. 


• >rk done in a Strain.—When any type of strain is produced on a system 
1 n "‘ <'tenia! forces, the strain gives rise to a corresponding type of stress. So 
- ;iS tllc external force is not applied. I lie strain and so the stress are not 
./.aerated. Il now. the external force, applied on the system, be continuously increased 
n a so long as the elastic limit is not exceeded, the deformation of the system 
.acreases proportionately. At every stage, the stress developed within the body is 
cjual and opposite to the external force applied. J 

When the external force is gradually increased, there would be a gradual defor¬ 
mation ot the system. Consequently the external force originally applied at some 

doe lo strain. Hence the external force in moving through some distance does some 
work on the .system, lhe greater is tlie strain, the larger is this amount of work 
done, .oppose that an external force in rising from a zero value to F makes a 

V ;! ; , ; p,nctmcnt S ,° f rcgi, n * ^ simplify the idea bv assuming 

ll,.u the average value of the external force is *F. lienee the total wo* done 
in bringing about the deformation is ^ FS. ouu worK aone 

Wt™, .faces P “ S 'r”' d,Ct U,e . di r" 

: ,f “ " ,cillum >Ii'f to elastic .lefnrmatioa is } X stress X strain Th" '“t ' " “’T’ 
mcrease the potential energy of the m. b,.m " ini „ X , , T ht9 work ^oes to 

this amount of work is given out by the system. f ° rCe 18 withdrawn > 
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A 


B 


91. Experimental Determination of Young’s Modulus. —Two 

exactly similar wires A and B (Fig. 122) of the material under investiga¬ 
tion are hung up close to each other from the same 
fixed support. The wire A has a fixed load W 
attached to its lower end to keep it tight and a short 
scale S, graduated in mm. is fixed to this wire 
towards the lower end. The wire B is the experi¬ 
mental wire, to which is attached a weight hanger 
at the lower end, on which weights aro placed to 
stretoh the wire. This wire carries a vernier \ 
which slides along the scale S. 

At the beginning, both the wires are stretched 
by suitable weights to make them free from kinks. 

The length of the wire B from the point of suspen¬ 
sion to the point where the vernier is attached is 
measured with an ordinary metre scale. The diameter 
of the wire is measured at several places by means 
of a screw-gauge and at each place t.vo readings 
should be taken at right angles to each other. The 
mean of all such readings is the average diameter of 
the wire and thus the radius is found. 

Now rerhovo any extra load from the experimental 
wire keeping only that amount just sufficient to make 
it free from kink. Take the reading of the vernier. 

Then increase loads by equal instalments of 1 ^kg., 
and take reading of the vernier at each step. The 
difference of readings gives the corresponding 
olongation in each case. The total load must riot 
stretch the wire beyond the limit of elasticity. The 
weights are then removed one by one in the same 
instalments as before and the readings of the vernier 
are again noted. The two sots of readings should 
agree fairly well and from these sets the mean elongation for a gi'-on 
load may be calculated. 

Let the length of the wire be h cm., mean radius of tho wire bo 
r cm., mean elongation of tho wire ho l cm., corresponding to tho load 
W gms, 


S -== 


■TJv 


w 



L 


Fig. Vi* 


Then Young's Modulus (Y) 

K 

W gL . 

—dynes per sq. cm. 


wrV L 


(91.1) 


In practice, a graph (Fig. 123) a drawn with load as ordinate and 
the corresponding elongation as abscissa. Within tho limit of elasticity 
this graph is a straight line, showing that Hookes law is obeyed, 
Any suitable elongation and the corresponding load may be taken rom 
the graph and the calculation made as before. 
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The two wires are fixed to'the same support since any yielding of 
the support due to a load on any wire, would equally affect the depres¬ 
sion of both the wires. They are alBO 
of the same material so that any 
change of temperature affects both of 
them equally without altering the 
reading. 

When the load is zero, the strain 
is also zeroj so that the graph passes 
through the origin. If the load is too 
much increased, the stress goes 
beyond t^he elastic limit and the wire 
has a chance of breaking for a cer¬ 
tain load. This load is called the 
breaking weight for the wire. The 
breaking weight for a wire of unit 



Elongation 
Fig. 123 


oross-secfcion is called the breaking stress for the material of the 
wire and to find the breaking weight for a certain wire, we are to 
multiply the corresponding breaking stress by the area of cross-seotioh 

of the wire. 

The following Table supplies tho various types of elastic constants 
for common substances :— 


Elasticities of Metals 


Metal 

s 

Young’s 
Modulus 
dynes/cm* 
x 10 11 

Rigidity 

dynes/cm 9 

x 10 11 

Poisson’s 

Ratio 

\ 

I 

i 

1 

Volume 

1 Elasticity 
dynes/cm 9 
j x 10“ 

I 

1 

Aluminium 

70 

1*67 

! *34 

7*46 

Copper 

12*0 

4*65 

*337 

,18*1 

Steel 

20*9 

8*12 

*29 

16’4 ! 

Silver 

7*9 

2*87 

*34 

10*9 

\ Constantan 

162 

6*1- 

•325 

15*5 

Manganin 

12*4 

•i*66 

*83 

12*1 

j Brass 1 

] German 

! 9*7-10*2 

8*6 

*84-*4 

) 

10*05 

Silver 

i 

11*6 i 

4*8-4*7 

» 

*37 1 

' 1 

• • % 


Examples— 

1. A mass of 20 kgm., is suspended from a vertical wire GOO cm. long and 
1 sq. min. in cross-section. When the lead is removed, the length of the wire is 
found to be 500-5 cm. Find the Youngs modulus for the material of the wire. 

A. Original length of the wire tL) =590-5 cm. 

Elongation in the wire (ft = COO — 599*5 = 0-5 cm. 
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Deforming force per unit area = - 


20 X 10 3 X981 


0-01 


from cqn. (91,1) Y = —X 


dynes. 

599-5 


0-5 


; =2-3 5 X 10 13 dynes/cm". 

2. A. uniform steel wire of density 7-S gm. per c. weighs 10 gn». and is 
250 cm. long. It lengthens by 12 mm when stretched by a force ot S kgm. weight. 
Calculate the value of Young's modulus for steel. ((*au. I .—1953) 

A. Let < be the area of cross-section of the wire in sq. cm. Then the volume 
of the wire = 250 «c c. c. 

Since mass = volume X density, 10 gm. = 7-3 X 250 °c 


, 250 X 7 • 8 

whence = -=- -'l cm. 


Now stress = 


10 

force 


8 X 1000 X 981 X 250 X 7-rf 


cross-section 


10 


dynes/sq. cm 


and strain = elongation per unit length — 


12 


. stress 

strain 


8 X 1000 X 981 X 250 X 7-8 X 250 


10 X 12 


dynes/sq. cm. 


Using a log-table for calculations, 


log 8 = 0-9031 

log 1000 = 3-001)0 
log 981 = 2-9917 
log 250 = 2-3979 
log 7-8 = 0-8921 
log 250 = 2-3979 


log 10=1- 2011 
log -12 =1-0792 


12-5827 


• 2833 
12-5827 
0•2833 

12-2881 


anlilog 12-2991 
= 1 • 993 X 10'- 
Correcl l'» the order *>f !'• 


Young’s modulus for steel = 1 -993 X 10 ‘* dyues/sq. cm. 

3. A stress of 1 kgm. per square millimetre is applied to a wire of which 'in- 
Young’s modulus is 10 13 dynes per sq. cm. l-ind («) the percentage increase in 
length and (b) the work done per unit volume of the wire during the stretching. 

(Raj. U.—1951) 

A. The word ‘stress’ in the problem is rather popularly used to mean 1'ie ex¬ 
ternal force. Thus, the external fores.- Iieing 1 kgm. per sq. mm., stress on it is, 


. . Force 
(ft) 

area 


Now, Y = 


1000 X 981 
— -01 

Force per unit area 


= 981 x 10 dynes/cm 3 


elongation per unit length 


whence, elongation per unit length = 


9S1 X 10* 


10 


I J 


percentage increase in length = 


100 X 981 X10 3 
10 ,a 

(b) Stress = 981 X 10® dynes/cm. 3 and strain = 981 X 1<> 
Work done per unit volume = £ stress X strain. 

= i X 981 X 10® X 981 X 10' 1 = 1812 ergs approximately. 


= -00981%. 


-T 
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4. Find the change in volume of u solid iron sphere of radius 5 cm. subjected 
to a uniform hydrostatic pressure of 0-1 ton weight per square inch, the bulk 
modulus of iron being 14 X 10 u dynes per sq. cm. 

A. Volume of the sphere = V = £ nr 3 = — * ^ c.c. 

3 » 


Normal slres s = -1 ton/s (| . i„.= '1 X20X 4 X 38X32^X13825 

«%* 64 X 2 54 

P v 


Since k = — 


v 



2>V = 4 X 3-14 X a 3 X 8 X SS X 32-2 X 13825 

k 3 X 2*54 X 2-54 X 14 X 10“ 


5-8 X 10- 3 c.c. 


92. Friction.—The surface of a solid is never perfectly smooth ; 
consequently whenever one body slides over another, there is a sort of 
resistance to its motion. Hence if two bodies be in contact with each 
other and if wo try to drag one of them over the other, a force is set up 
at the surface of contact, tending to resist the motion. This is called 
the force of friction between the surfaces in contact. The friotion is 
the outcome of the roughness of the material surfaces in contact. So if 
the surfaces be perfectly smooth, there is no force of friction to oppose 
the motion. The force of friction always acts parallel to the surfaces 
in contact and opposite to the direction of motion. Friction is a special 
properly of solids. When a liquid or a gaseous mass flows, there is 
omelning like frictional resistance between various moving layers 
Ibis peculiar type ol friction within a fluid media is called its viscosity. 

Let a rectangular solid body B (Fig 124) remain at rest on a plane 
homonbd surface A. The forces acting on 13 are (t) its weight W 
acting vertically downwards and (t'i) the reactiou R, acting vertically 
upwards. In a state of rest the upward reaction R balances the 
weight W and no friction is brought into play. If now a small force P 
1 c applied to L>, parallel to the surface, a resistance say F, is offered to 
ihe motion. If this body is still at rest, it is in equilibrium under the 
ucUon of the forces, R, W, F and P. As R is equal and opposite to 
* , ihe 3oice .h in this case must bo equal and opposite to P. 


As P is increased, F also increases ; it is found that so long P does 


/f P 


w 


Fig. 124 


not exceed a certain limit, there is no 
motion. F being thus alway equal to P. 
The resistance F which is thus brought 
into play by the external force P, in a 
direction opposite to that of the latter, is a 
self-adjusting force and so long as the body 
is at rest, the force is equal to the pulling 
force. The force F is called the frictional 
force between the two bodies in contact. 

Limiting Friction.— Although friotion 

inorflftun | n r - f i ‘ 9 a 80 ^- ,l( 3ju6ting force, it does not however 

P n fc ^h the external force. Thus, if the external force 

I .8 gradually increased, the force of friction reaches a maximum or 


F 

m - — —*• 


B 

P 


—- - - 



-_i-i-3 
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limiting value which depends on the nature of the surfaces in contact 
and the magnitude of the pressure ( i.e.. the normal force) between 
them. The body is now on the point of sliding and the friction then 
exerted is called limiting friction between the two surfaces under 
the given normal force. If the external force be increased further, the 
equilibrium will be lost and the body begins to move It is to be 
noted that under given conditions the limiting friction is the maximum 
between the two bodies in contact. 


The friction is said to be sliding or rolling according as one body 
slides or rolls over another. The dragging of a heavy load over the 
ground, the rubbing of two hands, etc furnisli examples of sliding irie- 
tion while the rolling of a cart-wheel on the road oilers an example 

of the latter. 

When motion has once set in, the force to be applied to maintain 
a steady motion is found to bo slightly less th in that necessary so itait 
the motion. Hence sliding friction is slightly less than the limiting 
friction. If, when the equilibrium is limiting, the normal reactiou an 1 
the frictional forco be compounded into a resultant single force, t-lie- 
angle which this resultant makes with the normal to the surface, is 
called the angle of friction and the single force is called the resul¬ 
tant reaction. 

Friction plays an important part in our everyday life. Without 
friction on the ground, wo would not have been able to walk ; without 
friction wo cannot fix nails, tie knots, climb trees, etc Again it becomes 
sometimes necossary to increase the Iriction when ran 1 is ihro u 
uphill railway lines after rains, violin bow is rubbed with lesin. ot 
When a brake is applied, it comes iu contact with the moving v.’hec 
and owing to the friction produced, the car is stopped. 


Also in many cases friction in minimised. Thus the moving 
of different machines aro freed from friction as far as possible by lu >n- 

cating oil, graphite, 
vaseline, etc.; 

Fig. 12 j shows the 
cross section of the 
collar bearing, in 
which the axle S 
of the revolving 
part is loosely fit in 
the socket so as to 
be able to rotate. 

The space between the two is well lubricated. Roads aro covered with 
tar macadam so as to present an even surfaco, while the runs of wheels 
are provided with rubber tyres and motor cars with pneumatic tyros. 
To diminish friction to the greatest possible extent, agate knife-edges 
are used in balances and jewel centres in watches. Again a rolling 
friction is less than sliding friction, heavy pieces of furniture are 
provided with wheels at the base, which can rotate in different vertical 




Fig. 1J<> 


^ • « I 
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planes. In bicycles, etc., the sliding friction is replaced by rolling 
friction with ball bearing arrangement, in which a number of hard 
steel balls are placed loosely in a metal case round the axle. Fig. 126 
shows a ball bearing arrangement in which the axle S is very free to 
move. 

93. Laws of Friction.—When one body is at rest in contact with 
another, the friction between them is said to be static. When it is 
just on the point of sliding over the other, the friction is said to be 
limiting ; and when one body is actually sliding over the other, the 
friction is termed kinetic or dynamic. 


Laws of Limiting Friction :— 

(1) The direction of the limiting friction is opposite to the direction 
in which the point of contact tends to move. 

(2) The magnitude of the limiting friction always bears a constant 
ratio to the normal reaction. 


(3; The constant ratio depends only on the material and the 
nature of the surfaces in contact and net on their extent or shape, so 
long as the normal reaction remains the same. 

Co-efficient of Friction.—The constant ratio of the limiting fric¬ 
tion to tho normal reaction acting across two surfaces in contact, is 
called the co-efficient of friction and is usually denotod by //. Thus, 
:£ i' be the limiting friction and R the normal reaction, then 



whence F 


H R 


... (93,1) 


The value of t ie coefficient of friction is different for different pairs 
of substances but it is always less than unity for any pair. When one of 
the bodies is sidling over the othor, the forces to maintain the motion i 9 
.lightly less than that at start. Let the force be F x . Then the 
ci hicient of dynamic friction //j is denoted by the ratio, 



• • • 


(93,2) 


Again, il the resultant reaction between the two surfaces is denoted 
by Q and tho angle of friction by x, thou 

F *=- Q sin x and R ” Q cos x 
F 

Whence^- => tan x or tan x = // (93,3) 

; o., the coefficient of friction is equal to the tangent of the angle of 
friction. 

Angle of Repose.—Let a body of weight W be placed on a rough 
inclined plane BAC (Fig. 127). The weight W acts vertically down- 
words and tho reaction R acts normally to the plane AB. Under 
the action of these two forces the body would, tend to move down the 
inclined plane but the motion is opposed by the frictional force 
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between the plane and the body acting opposite to the direction of 
motion. If the inclination of the p g 

plane to the horizontal is small, the 
force of friction may be equal to the 
resultant force tending to slide the 
body down the inclined plane unu the 
body will remain at rest. If the angle 
of inclination is gradually increased, 
the sliding force increases and so 
also the force of friction. Bui uioi- 
mately the frictioq reaches its limi¬ 
ting value F, say. The angle, '• * ,c 
the plane now malms wich t ic 
horizontal, is called tho uiijde impose. 

Let the force of friction - V, ami the angle of repose - 0. 
jljou tuu ^ . ••• . u i t 0 the plane “ >V sin G 

Then the component o. u l 1 = w Q 

And the component ot W noimal to the plane 

For equilibrium. W sin « “ '‘° d W cos 0 = E 

F „ ,, __ * whence 9 “ x 

or tan G = ^ “ ■“ 23 tftn x 

BC_ height .- 01 tho plane ( 93 , 4 ) 

Also H “ tan G ^ length of base 

„ ^ fi-ietior. is »qual to the angle of repose, which 

. pm* the angle of ^ ^10 ^ cf friotion . The co . e thciont 

is therefore also called th_ . ; ( tbe height by tho base of the 

of friction H is obtained t» uiuou. 6 

inclined plane at tho li raining aug»c • 

Example :— , 

, . , • , .I.M.iiti I lie co-ellicienl »f friction. 

If the angle of lrn «»•*» •' - (J». U._lH.il) 

„ • ,,1 n lcl .m . equal to I lie tangent of I lie angle of 
A. Since Hu- co- ll.ciuil <»i " 

friction, 

hin 

H = tan :)<> — coS ■30- 

„ 1 mi r. Roush Inclined Plane. —Let a 

94. Motion ■>! -» > • roM gh inclined plane of inclination 0 to 

body of mass m bo P^ceiT u - ^ limifcin g. Let ft be tho co-efficiout 

of 6 friction ’'between"he body end the piano and let E be the normal 

reaC ( 0 ° D Let the body be on the point of moving down the plane, so that 
the frictional force F acts up 4 “ llc ' j, _ „ B = cos B 

Then m?’ ” m V cOH ® the body down the plane 

Tbe resultant force on^ ^ ^ mg qoq q ... ( 94 . 1 ) 

Acceleration of the - = g B in 0 - g cos G tan x 

__ g si n (o ~ *) 
cos x 


t . 1 0 *j7?4 

V- 


... (94,2) 
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(it) Let the force P, acting on the body parallel to the plane and 
along the line of the greatest slope, cause it move up the plane. Then 
the resultant force acting on the body up the plane 

=* P - mg sin 0 - pmg cos 0 

= P - mg (sin 0 + tan * cos 0) 

„ sin (9 +<) 

— P - mg 


...(94,3) 


Acceleration 


P 

m 


Q 


cos x. 
sin (0 + x) 


cos x 

when the body is just in equilibrium, P - mg sin 0 - p mg cos 0 “ 0 
whence P *= mg (sin Q + p cos 0) ... (94,5) 


95. Determination of the Co-efficient of Friction. —The co¬ 
efficient of friction between two solid surfaces can be determined by 
the following method : — 


(l) A horizontal table is made of one material and a block 
of the other is taken (Fig. 128). The block is placed on the table. 
One end of a light string is attached to a hook fixed to the block 
while the other end passes over a smooth pulley fixed at the end of the 
table and carries a scale pan. A known weight is now placed on the 
block ; weights are then placed on the scale pan, till the block is just 
on the point of motion. This condition can be ascertained by tanping 
the plane gently. Let the total weight of the slab and the load be equal 
to \V and the total weight on the scale pan -r- its own weight a w, Then 
force of limiting friction = w and the normal reaction, R — W. 


Hence the co-efficient of friction 



10 

W 


R 




The experiment is repeated with different weights on the slab and 
the mean value of // is taken. 

a; (2) An inclined plane is made of 
one material and a rectangular slab of 
I the other is placed on it. The angle of 

/• R I inclination of the plane is gradually 

increased, till the slab is just on the 
point of sliding down the plane. 

bince the slab is in limiting equili- 
W ' | brium, the tangent of the angle of 

inclination of the plane to the horizontal 
is equal to the co-efficient of friction. 
Keeping the plane fixed at the position, 
the height and the length of the base 
are measured. The tangent of the angle 
of inclination is thus found whence the 



' 


Fig. 128 


co-efficient of friction is obtained. (Vide J. Chatterjee’s Intermediate 
Practical ’Physics). 
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The following Table supplies the Coefficients of Limiting Frictions 
between common substances : 


Co-efficicnts of Limiting Friction 


Substances Oo-eflicients 

Substances Coefficients 

Wood on wood 08-0 6 • 

Metal on wood 01 - 0 2 

Metal on metal 0*2 - 0 6 

Stone on stone 0 7 

Metal on Leather 0'5 

Metal on stone 0‘56 ^ 0 65 

_ j 


Examples :— ...... 

1 \ metal block of mass 4000 gin. slides from rest 3 ft. down « «>ugl» 

plane,’ the slope being I in 5- Find .be resultant force down the plane, the co¬ 
efficient of friction being 015 (, = 080 an. per sec. per sec.) 

A. Resultant force down the plane = mg s.n <-F-mg >m < - 

— mg sin x cos x -mg ( sin x - pcosx) 

Here sin *- J. cos*-^. P = «' 15 »» J = 3000 em 

... Resnltant force down the piano = 2000 X 080 X [l-0'lS»^‘] 

= 104408 dynes approx. 

l uX XlT IWL-«**-■ - fi ” J «“ 

„ • rol , u-0‘4 and W-80000 gin. 

Here sin x - s , cos x 3 • i* 

From win. (04.5> the required force. 

,, , ,.oi v/ (' — 2075080 dynes approx. 

P — 80000 X «81 X \ 3 * A y / 

3 A rough inclined plane makes, an angle of 30" with the horizontal. A load 
, • ! . «» „ m rests on the inclinwl plane and is attached to a string winch 

r’t' " Stionlcss pulley, and supports a scale pan in which weights are 
pusses found that, when the weight in 50 gm. the weight just begins 

‘“move t X Calculate the -efficient of friction. (The weight of the 

scale pan being neglected). t UC * 

\ Let the required co-cflicicnt of friction be p. As weight in the pan is 
60 gm.. the body is pulled up along the plane with a force of 50g dynes. 

Here W = 50 g and It = W cos 0 — 50<7 cos 80° 
and F == pit = P X 50j7 cos 30° 

From cqn. (04,5) 503 = 50 g sin 30° + 50p? cos 30° 


or 


l-ai+p—- whenco 


n/8 
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ROBERT HOOKE (1635—1703) 

Hooke was born on July 18, 1635 at Freshwater, Isle of Wight. 
Due to his ill health, his father did not send him to school until he 
was thirteen years of age. At this time his father died living his boy 
in poverty. He received his first education at Westminster School. 
From his boyhood he showed remarkable talent at mechanics and 
drawing. His wonderful genius was exhibited at the school when he 
read and mastered six books of Euclid in course of a week only. He 
learnt Latin and Greek at the school. At eighteen he entered Christ 
Church College, Oxford. After graduatian from the Oxford Univertity, 
he was engaged for some years as a research assistant under Professor 
Boyle, during which period he did much work on the air pump and 
properties of gases. 

Hooke was the first to conceive the idea of a llying machine. He 
also attempted to propound a theory of universal gravitation. He made 
the first balance wheel of the watch. He wrote original papers 
on light, architecture and music. He made improvements on telescopes 
and microscopes and made important advances in astronomy. 

In 1662 ho was appointed “curator of experiments” to the newly 
formed Royal Society and in 1677 he became the Secretary of the 
Society. He made extensive researches on the elasticity of solids and 
in 1678 he enunciated tho famous law which goes by his name. He 
also rnado original investigations on thermometers and propounded a 
theory of heat. He died on March, 3, 1703. 


Summary 

Three stairs of matter(i) Solid. (it) Liquid, (ui) Gas, 
to relative magnitude of molecular atlractiim and grouping. 


These arc due 


Hooke'- Law.— H'l it n elastic 
strain. Strain is the deformation 
l\e internal force called .nlo play 
i xlcrnal force. 


liuiil the stress developed is proportional to the 
produced per unit form of the body ; stress is 
within the body when undergoing strain due to 


Modulus of Elasticity = 


st ress 
strain 


a constant, within elastic limit. 


Different Moduli of Elasticity.— /) Bulk modulus or modulus of elasticity 
t»; volume (n) Modulus of Rigidity or modulus of elasticity of shape (iii) Young 9 
mod idu<s or modulus of longitudinal elasticity. 

Friction is the property due to winch force is set up at the surface of contact 
° r !"° ^“ .es preveuhng one from sliding over the other. * The opposing force set 
up is called the force of fncUoit. Friction is a self-adjusting force. 

Lau-8 of Friction. —These are laws of friction.— 


The direction of the frictional 
to the direction in which the point 


• *riv between two bodies in contact is opposite 
of contact moves or tends to move. 
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The magnitude of the limiting friction always bears a constant ratio to the 
normal reaction, which depends only on the materials and the nature of surfaces 
in contact. When motion ensues, this ratio is slightly less than that when the 
bodies are just in limiting equilibrium. 

Co-efficient of friction is the ratio of the limiting friction to the normaUorce 
acting across two surfaces in contact and is usually denoted by ft. Ihus I _ pK. 
Again the co-efficient of friction is equal to the tangent of the angle of friction. 
The value of p can be determined experimentally. 


Exercises on Chapter VII 

1 . What te Hooke’s law? Explain ‘<™s '.IK*.and 
In what units are they expressed ' ' ' \ 

4 A wire of 0 4 cm. diameter is loaded with 25 kgm weight. A 

, 0 „ gi ; of 100 cm. is ..I u I.- *» M «• Colcuhnc he 

Young’S modulus of the material of the wire. (C. I . U*S) 

A. -9 X 10"' dyncs/cm. 3 
3- .. 'Young's morlrdu* 

. Y rf* rSS iX' I'.—1»« : Del. H. S.- 

1050; Del. V.— 1940 ; '5il ..... 

. A sU *I wire 1 metres in length und ’« ■" Jiametcr is 

Jy W. weight of 5 kgm. fuel .ho elongation of lire wire, 
stretched oy *». • _ y x |,r kgm. weight per sq. cm. 

Youngs modulus of the - (A||. U.—1030) 

A. 0-5 cm. ........ 

, An India-rubber cube of side 7 cm. Las one sale fixed wl.rle 
• i r ......l tin- wt of 200 kgm. is applied to the oppo- 

otangential orce <1 g|roin produced and the distance through 

;Swi the :.»».«• ^c moves. (Mod. of rigidity for fudia-robber 

c= 2 X 1 ( > T dynes pe. sq. cm. ; <J — »80>. 

A. 2 X I 0 " 1 radian; 1*4 cm. 

c w|.i.l force is required to stretch a steel wire of 1 sq. cm. in 
„„»s »c.ion .o double its length ? Young'- mo,lulus of s.eol = *_X 10“ 

dyiies/cin a . 

A 2 X 10“ dynes. 

7 What is meant by terms ‘stress’ and ‘strain’ as applied to a 

.t ire which is stretched by* forces in the direction of its length ? 

" ,rc (1\ U.—1052; U. I*. B.—10 43) 

8 A piece of steel wire of diameter 0-075 cm. and of length 
503 t . m / is elongated hy 0-7 cm. by a weight of 12-7 kgm. Find the 
value of Young's modulus of elasticity for steel, (g =081 cm. per sec. 3 ). 

A. 2 03 X 10“ dynes per sq. cm. 

0 . Calculate the shearing stress and strain produced in a pin of 
diameter I inch subjected to a shearing force of 2 tons weight ; n = 2100 

tons weight per sq. in. 

A. 2-555 Ions weight ; 1*2 X 1°‘ J radian. 


Reference 
Arts. 88 

Art. 88 


Arts. 
89 & 90 


Art. 89 


Art. 89 


Art. 8G 


Art. 89 


Art. 89 


Art. 89 
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Reference 

Arts. 

91 & 95 

Art. 91 
Art. 94 

Art. 94 

Art. 94 

A rt 9 ; 

A.t. 93 
Art. 93 

Art. 93 


10. Explain the terms friction. limiting friction, co-efficient of 

friction and nngle of friction. (P. U.—1951) 

11. Show that once a body is just ready to slide down on inclined 
plane, the tangent of the angle of inclination of the plane is equal to 
the co-efficient of friction. (Del. H. S. 1952; cf. Nag. U.—1952; 
Dac. U.—1942). 

12. Stale what do you mean by “Limiting Friction” and the 

angle of friction. (Dac. U.—1928) 

13. A block of stone of mass 4 kgm. is just moving up a slope 
1 in 20 by n force of 2 X 10® dynes applied parallel to the inclined 
plane. Wliat is the value of the co-efficient of friction between the 
surfaces concerned ? 


A. 0-40. ' .* 

► I 

14. A body of mass 2 kgm. slides down a rough inclined plane, 
flic gradient being 1 in 8 and of co-efficient of friction equal to 0*05. 
Find the resultant force down the plane. What will be the velocity 
of the body at the bottom of the plane, if its length be 1200 cm. ? 

A. 147000 dynes ; 420 cm. per second. 

15. A body of mass 5 kilograms is being pulled up along a rough 
inclined plane with an acceleration of 5 cm/sec.* by means of a weight¬ 
less string running parallel to the plane. If the inclination of the plane 
be 15° to the horizontal and the co-efficient of friction between the 
body and the plane be 0-3, find the pull in the string. (Pat. TJ.— 195 J ) 

A. 45-285 X 10 s dynes. 


lfi. A body of mass 4 lbs rests in limiting equilibrium on a 
rough plane whose slope is 30°. The plane being raised to a slope of 
90°, find the forces required along the plane when the body (i) is on 
the point of sliding Jowu and fii) is on the point of moving up the 

H nne - (Nag. U.—1952) 

A. (i) 2-31 lbs. wt. (»7) 4-02 lbs. wt. 


17. Explain the laws ol limbing friction nr.J desert:* experiments 
to ee.ify them. (Pal. U—1952) 

IS. Explain fully the terms ‘Friction’ and Limiting Friction.’ 
Justify the statement that friction is a necessity and an evil. Give 
some familiar methods for reducing and increasing friction. (P.U._1952) 

19 A ladder SO ft long rests with one end against a smooth 
vertical wall and will. the other on the ground, which is rough, the 
co-cflicient of friction bring 0 5. Find how high a man whose weight 
is four times that of the bidder can ascend before it begins to slio the 
foot of the ladder being G ft. from the wall. P ’ 

chance " SCtnJ ““ ‘ M » 
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CHAPTER VIII 

PRESSURE IN LIQUIDS 

96 Hydrostatics. — It is that part of Physics which deals with 
fluids at rest under the action of external forces and pressures they exert 
either within their own misses or on the sides of the containing \essel. 

Fluid -A fluid is a substance having no shape of its own and 
which takes up the shape of the containing vessel. Liquids and gases 
fall under the category of fluids. A given mass of liquid has „ot a 

particular volume, hut a gas does not possess a dehmte volume. Main- 
particular vo ‘ 1 shape as is the characteristic with solids, is due 

tenance of a de 1 _• , Every solid substance possesses 

thA liquid or a gas cannot 

1 " % d lfhChtrof a liquid is extremely small, 

whilo that of a gas is considerable. . ' L tl ., 

97 Fluid Pressure. —If a number of holes ho made at the sides 
and the bottom of a vessel containing a liquid. th. l.q..d » found to 

come out through all the opening, The outflow of 
the liquid can however he stoppedI by covering the 
hole, with plates, when it is lelt that some force 
is to bo applied from outside on eaoh plate.to keep 
t in position. This shows that the liquid inside 
exerts some force on any part of the containing vessel, 
with which it is in contact. It is also found that this 
force always act, at right angles to the surface of the 
vessel at any point. The force thus exerted by a liquid 
: ,ToV iurfaci is called the tkruU of the liquid (Fig. 

129) It is due to this thrust that the liquid forces 
its way through an opening of the. containing vessel, 
if the walls of the containing vessel are strong enough 
to withstand this thrust from point to point, water remains stead} 
within it. Lienee the wall exerts a reaction to fluid pressure. 

The pressure of a fluid at rest on any surface is the normal force 
or thiust exerted by the fluid on unit area of that surface. The pressure 
it; said to be uniform when the thrust on any two equal areas of the 
surface is equal. If P he the total thrust exerted by the fluid uniformly 
and normally on a surface of area A, then the pressure p on it is 

given by 

... (97.D 

The pressure exerted by a liquid on the wall of a vessel may be 
uniform or may Yurj from point to point. If the pressure is not uni- 



Fig. 129 
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from, the above expression gives the average pressure over the given 
surface. 

Pressure at a Point.—The pressure at a point due to a fluid is 
defined to be the normal force exerted by the fluid on unit area contain¬ 
ing that point. In the C.G.S. system, the pressure is expressed in 
dynes or in grammes weight per square centimetre, while in the F.P.S. 
system, it is expressed in poundals per square foot or pounds weight per 
square inch. Suppose, for instance, that a hole of 6 sq. cm. in area 
is made at the Bide of a vessel containing a liquid. A plate just fitting 
the hole is pressed against to stop the outflow of water. If a foroe of 
48 gm. wt. is just required to check the out-flow, then the average 
pressure is 8 gm. wt. per sq. cm. or 8 g dynes per sq. cm. 

98. Pressure in a Liquid.—That a liquid exerts a pressure on 
the sides of the containing vessel may be shown by making a hole any¬ 
where on its wall when the liquid will be forced out. There is also 
some pressure within the mass of a liquid. This can be shown by the 
following experiment. 

Take a thistle funnel F and stretch a thin sheet of rubber over its 
mouth. Connect the funnel to a glass tube G (Fig. 130) of a narrow 

bore, by means of 
a length of rubber 
tubing T. A drop 
I of a coloured 
liquid, introduced 
into the glass 
tube, acts as an 
index. The glass 

Fin. 130 tube 19 supported 

horizontally and 

. cale S is placed along its side. If the rubber membrane is now 
pressed with finger, the index moves forward and the larger is the 
. nseuro, the more does the index move away ; whon the pressure is 
. ithdraWD, the drop comes back to the initial position. 

Now take a deep vessel V containing water aud introduce the funnel 
i.ito tho liquid ; the index is seen to move outward. Move the funnel to 
'roater and greater depth end note that the index is displaced more 
rind more from its initial position. Hence it proves that pressure con¬ 
tinuously increases with depth of ti.e liquid. Now keep the funnel at 
a certain dopth say at O and mark Lhe possition of the index on the 
scalo. Turn the mouth of the funnel to different directions about this 
point. Note that the index docs not move with the rotation of the 
funnel. Therefore the amount of pressure around a certain point 
within tho liquid is equal. Now displace the funnel to some other 
point in tho same horizontal plane and turn it to different directions 
as before ; note that the position of tho index remains unchanged. 
Hence liquid pressure at. tho same horizontal level is the same. 

Thus tho experiment proves the following facts. 
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(;) A liquid exerts pressure at every point within its mass and in 
all directions. 

(ii) The pressure at any point in the liquii or at different points on 
the same horizontal plane is the same in all directions. 

(tii) The pressure at a point within a liquid is directly proportional 


to its depth. ...... 

99. Vertical Upward Pressure. —If an empty test tube is 

pushed down into water with the closed end down- t.-—* 

wards, the tube on being released springs up due to 

the upward force exerted by the liquid at its bottom. ^- 

The following experiment further demonstrates the ^ 
presence of vertical upward pressure. 1 ■ c; izz i 

Take a wide glass tube T with one end ground £Z 

flat. Hold a thin plate P of glass or metal against ! ^ 

the ground end with a string attached to it (Fig 13lh I,, 

Immerse the whole thing vertically to some depth in &+££,}; 

a vessel of water and release the string. The plato 
is found to remain in position as if pushed from 
below This is due to the upward thrust on the 
(lower surface of the plate. Now slowly pour down Fig . 131 

water, say coloured, into the tube. If the plate is 

very thin it will drop down when the level of the water inside comes 

almost to the same height as that of the water outside. This shows 
thTt the upward pressure on the plate is equal to the downward pressure 
on it Which is equal to the weight of the column of water standing 

on tlio plat©* ... 

inn I nteral Pressure. —A cylindrical vessel of thin tin sheet 

fiffcnd°with a stop-cock on one side near the bottom is filled with water 
ftrrance d to float on water being placed on a suitable piece of 
and is ar g (Fie. 132). When the ston-cock is 


opened, water flows out and the cylinder 
is seen to float away slowly in a direction 
opposite to that of the issuing water. 

The explanation lies in the fact that 
when the stop-cock remains closed, the 
lateral pressure exerted by water on the 
stop-cock is equal and opposito to the 
reactive pressure exerted by the stop-cock 
on water and consequently the vessel shows 
no tendency of motion. When the tap is 
opened, the pressure exerted by the stop¬ 
cock is released due to which water flows in a stream and the back 
push of the stream makes the vessel move in that direction. 

The existence of lateral pressure can be demonstrated by the 
hydraulic Tourniquet or Barker’s Mill apparatus. It consists, of a vessel 
of water free to rotate about a vertical axis, having near the bottom 
horizontal discharging tubes, all bent at the ends in the same way. 



G—11 
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As water rushes out of the apertures of the bent tube, the reaction of 
the stream at the bends of the tubes opposite the openings cause the 
whole apparatus to rotate in a direction opposite to that of the 
issuing water. 

101. Magnitude of the Pressure within a Liquid. —Let a 
surface of area A (Fig. 133) be immersed in a liquid at a depth 
h below the free surface of the liquid and kept there in a horizontal 
position. Imagine vertical lines to be drawn from every point of the 
boundary line of this surface till they reach the surface of the liquid. 
Such vertical lines enclose a column which is filled with the liquid. 
This column of liquid is clearly standing on the surface of area A which 
serves as its base. The weight of this liquid gives the thrust on the 
base area. If the density of the liquid be P and the acceleration due to 
gravity at the place be g, then the volume V of the water column on 
the area is A* h and its weight is equal to Ahpg. Therefore the total 
downward thrust T upon the surface is given by, 

T — AhPg ... (101,l) 

The total pressure on a surface immersed horizontally in a liquid is 
equal to the weight of the column of the liquid, whose base is the given 
surface and whose height is equal to the depth of the surface below the 
free surface of the liquid. 

If P denotes the downward pressure at any point on the surface 
then remembering that pressure is the force or thrust per unit area, 

-hpg ... ( 101 , 2 > 

A 


This is also the magnitude of the pressure in the upward as well as 
in any other direction at the point. The above relation shows that 



Fig. 183 Fig. 184 


the pressure at any point within the liquid is proportional 
to (i) the depth of the point (ii) the density of the liquid and 
(in) the acceleration due to gravity at the place of observation. The 
air above 'the free surface of the liquid also exerts its weight on the 
liquid surface. The weight of air acting per unit area is called the 
atmospheric pressure, and if this pressure per unit area be n . the total 
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pressure at a point at a depth h below the free surface of the liquid is 
equal to n + hpg. 

A tall jar with holes at different heights on the side is taken (Fig. 
134 ). When the jar is filled with water, the water is seen to come out 
in streams from different holes but the throw of a stream varies as the 
depth of a hole from the free surface of water in the jar. This indicates 
that pressure increases with depth within the liquid. Since pressure 
is force per unit area, the dimension of pressure is force-*-area or 

MLT" 8 -*- L* - ML _1 T' 2 . 

*102. Whole Pressure or Resultant Thrust. — It has already 
been stated (Art. 97) that the effective pressure exerted by a tluid on 
the walls of the containing vessel is always at right angles to the 
surface of contact. This is also true if there bo any partition wall 
within the liquid. In the experiment to demonstrate the existence of 

pressure in all directions around a point within a liquid lArt. Jb), the 

thistle funnel covered with a piece of rubber membrane on one side, was 
taken down within the liquid to a certain depth and was slowly 
rotated in different directions. The position of the index was found to 
be fixed showing that the force exerted by water on the rubber mem¬ 
brane was the same at a given depth being always at right angle* to 
the surface of the membrane. This force is called the whole pressure 
on the membrane, which may be defined thus. 

If for every small element of area of a material surface immersed in 
a fluid, the force perpendicular to the surface of this small element be 
\ the sum of all such forces taken over the whole area of the surface 

{Tcalled^he u> hoie pressure or resultant thrust of the fluid upon the 
given surface. 

Consider any plane surface of area A immersed in a liquid in any 
position, horizontal or inclined (Fig. 135a). Suppose that the surface 
is composed of small elemen¬ 
tary such as fli, a a , 0a y a 
Then vertical columns of liquid 
such as shown in the fig- 1355 
are standing upon the elementary 
areas, each contributing to the 
whole pressuro on the surface. 

Let the depths of these surfaces 
below the free surface of the 
liquid be h lt h 8 , h B . h„ res¬ 

pectively. Then the thrust of 
the liquid column standing upon 
0t at a depth h t perpendicular 
to the element of the surface is 
a,hiPg. whore P is the density 

*• ! J T r> n Cl I In I* W11. V - 1 



(a) Fig. 135 


(5) 


/i h*Pfl wneru r id uuo - j 

_/the liquid. In a similar way, it may be shown that the thrusts on 
other elements are a % h B Pg, a 9 h B Pg etc. Hence the resultant thrust w 
the sum of the individual thrusts. Thus, 
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Whole Pressure =■ a x h x pg + a,h a Pg +. + a n h n pg 

= pg[a x h x + a a h a +.a» hn ] 

If h denotes the depth of the centre of gravity G of the surface A 
below the free surface of the liquid, then it can be shown from the 
principle of Statics that, 

Ah = a x hi + 0,7*3 +.+ o n 7*„ 

Hence, Whole Pressure = T •= Ahpg 

In the preceding article, it has been shown that the thrust on a 
horizontal surface of the same area at a depth h below the surface of a 
liquid has the same value. Hence the magnitude of the whole pressure 
is independent of the inclination of the surface provided that the depth 
of the centre of gravity of the surface does not change. 

Centre of Pressure.—If a surface be immersed in a liquid, the 
point at which the resultant thrust on the surface acts, is termed the 
centre of pressiire of the surface. When the surface is kept in a 
horizontal position within a liquid, then the point of the surface, where 
a vertical line dropped from the centre of gravity of the liquid column 
standing upon the surface meets, is the centre of pressure. 

103. Hydrostatic Paradox.—Since the total pressure on an area 
A immersed horizontally at a depth 7* in a liquid of density p is given 
by Ahpg, the thrust at the bottom of a vessel due to the liquid contained 
dspends only on the area of the base and the height of the liquid 
column but not on the total quantity of the liquid contained or the 
shape of the vessel. This can be demonstrated by Masson’s 
experiment, as given below. 

A, B, C and D are glass vessels, known as Pascal’s vases, all being 

open at both ends. They are 
of different shape and size 
but the base of each is of 
equal sectional area so that 
each can be screwed to the same 
socket on the platform P (Fig. 
136). A disc R, attached to one 
arm of the lever L, can press 
water tight against the bottom 
of each vessel which can be 
screwed to the platform and at 
the other end of the lever is 
attached a scale pan S on whioh 
" eights can be placed. A pointer 
P slides along a vertical stand 
attached to the platform and can 
be fixed at any height by a screw. 

... , . ., ,, . Screw one of the vessels, say 

A, to the platform and put suitable weights on the scale pan. Now 



Fig. ISO—Thrust on the base 
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slowlv nour water into the vessel until the disc just gets loose and 
allows some water to escape. Mark the height of the water by the 
pointer T Remove the vessel A and repeat the experiment with 
another vessel. It will bo found that the water in it just begins to 

trickle down when the height of water in this vessel is the same as 

before. . 

Thus it shows that the thrust on the base depends on its area and 
on the height of the liquid column and not upon the shape of the vessel. 
This seems to he inconsistent at first sight for which reason the 
experiment is known as the hydrostatic paradox. 

Pascal demonstrated hydrostatic paradox by a very simple expen. 
ment A long narrow tube about 30 ft. in length was fixed vertically 
£The top of l stout cask, completely filled with water Water was 
gradually poured into the tube till the cask burst. Although the 
quantity of water added was very small, the thrust at the bottom c, 
the cask became equal to the weight of a column of water whose base 
was that of the cask and whoso height was equal to that of the vator 
column from the bottom of the cask to the level of water in the tube. 

*104. Thrust at the Base.—The resultant thrust on any surface 
immersed within a liquid depends upon the surface area, the depth ot 
the centre of gravity of the surface below the free surface of the liquid, 
the density of the liquid and the acceleration due to gravity at the place 

of observation. i* 

has^umy 1 be found from an observation of the height of the liquid level 
Within the vessel. For a horizontal base, the whole pressure upon it .8 

B. .E B, i£ B 




Fig. l a» 





iFig. .41 


I * 


l • v » j - «» ___* 

A t ion where 77 denotes the vertical height of the liquid surface stand i P g 
upon it. Consequently if vessels of different shapes hut of equal base 
area be placed so that their bases are horizontal and .fall be filled up 
with a liquid to an equal level, the resultant thrust at the bases of all 
veBae ls would bo equal. This has been practically verified in the 
experiment with Pascal's vases in the preceding article. 

Now consider a cylindrical vessel BCDE. kept in a vertical position 
arid having an inclined base (Fig. 137). Let the vessel bo filled with a 
li id of density P upto a level LK. Lot G he the position of the centre 
nf gravity of the base and height of the free surface of the liquid above 
G he II If the area ^he I ja8e t'hon the wbolo pressure or 



166 


INTERMEDIATE PHYSICS 


CHAP. VIII 


thrust T of the liquid column is AHpg acting perpendicularly to the 
surface area G, as shown in the sectional diagram (Fig. 138). If the 
liquid within the vessel be steady, then the base offers a reaction JR 
which is equal and opposite to T. 

Imagine that a horizontal surface XY (Fig. 139) is made to pass 
through the point G of the base of the vessel extending upto the walls. 
Then the volume of the liquid within the vessel is equal to the volume 
KLXY, since the volume XGC — volume YGD. Surface XY = a parallel 
surface ZD “A oos 0. Therefore volume of liquid a HA cos 0 and 
hence its weight W acting vertically downwards iB AHpg cos 0. 

Again the base xeaotion R may be resolved into a vertical compo¬ 
nent R cos 0 and a horizontal component B sin 0 (Fig. 140). But since 
B is equal to AHpg. 

B cos 0 = A Hpg cos 0 and B sin 0 “ HApg sin 0 
R cos 0 ■= W, and R sin 0 — F, say. 

Thus the vertical component of the base reaction supports the 
weight of the liquid while the horizontal component prevents the base 
from moving a6ido. Similarly the weight W of the liquid together 
with the lateral thrust F of the liquid on the base of the vessel produce 

the resultant thrust T. 

if the shape of the vessel BCDEK be as represented in the fig. 141, 
the base CD being horizontal and if the liquid is filled to a height 3, 
then the reaction B of the inclined part EK has got a vortical compo¬ 
nent, say Y. The resultant thrust at the base of the vessel is the 
sum of the weight of the liquid and the vertical component V. In this 
case also the thrust at the base exceeds the weight of the liquid. 

It is now easy to understand why in Pascal’s vases, although 
masses cf the liquid iu different vessels are different, an equal upward 



Fig. 142 Fig. 148 Fig. 144 


thrust maintains the 6amo liquid height in different vessels. Consider 
the uniform cylinder ABCD with vertical walls (Fig 142). The 
reaction of the walls is everywhere horizontal having no vertioal 
component. Hence the thrust at the base is only due to the weight 
of the liquid being proportional to the height of the column AB. 
When the vessel is wider at the open end (Fig. 143), consider a vertioal 
column of liquid EBCF standing upon the base BC. The thrust at the 
base is due to the weight of this column only. The two other columns 
ABE and DCF are being supported by the vertical component of the 
wall reactions and have nothing to do with the thrust on the base. For 
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*u fl vesS ei with a tapering end (Fig. 144), consider the column AEFD. 
Clearly the thrust on the part EF of the base is due to the column o 

" Si.- 6gara P and £ 

th. column ABB «TOF^iiaD ta the thrusts 

r.'r.^raU 0 '.™?. due to liquids standing at e:qua, height are 
equal although the actual quantity of liquid in each differs. 

Examples 2 — , . e . 

„ r > o, tlio bottom of u well is 2 times that at a depth of - It.. 

SrJZsrzzX' --«■«^^ jnS 

in .SO ft. of water ? . t .. . - .* 

t - i .1 i nt |. ( .f water in ft. The pressure at the bottom! ot tho 

well t X+ W p %tZ , = density of eater in F P. S. units. Tho pressure at 
a depth of 2 ft. = (30 + 2) p ,j. According to the problem. 

2 (30 + 2) pg - (h + 30) P!/ whence h - 34 ft. 

, A .cube each of wW 'V^ 

■LVUlro 'fliqurt Find the thru - in grams weight on each of its faces. 
(Neglect atmospheric pressure). dcpth ot 30 cm . „„ d so its lower 

A. The upperJtk centre of gravity of each of the vertical 
Z'oTl cm. below ”he surface of the liquid. Therefore 
Thrust on the upper surface- K * X 

Thrust on the lower surface = ® X » X 50 X M = gm. wt. 

Thrust on each vertical face = *0 X *> X 40 X 1 ■* = ’» M0 wl ' 

. r.f lonirth l and breadth b is immersed vertically in water, «itli 

3. A rcctang t> Calculate the thrust and the centre of pressure 

side b on the surface of water. Eaicuunc (MwI . U.--1050) 

on the rectangle. _ .. ^ ( | cns jt.v of wutcr lie p accord¬ 

ing to tlie 1 'system of unVin which l and b ..re measured, and if g be the accele- 

ral,0 Lsulta,a ThruTduc to liquid = « X 6 X * X 17. where h is the depth of 

C C. below the free surface of liquid. 

v tin* rectangle is suspended vertically with the side b on the surface 

. _ -i“ u whole pressure due to liquid = Mg/ 2. The centre of pressure on 
; h 7 lamina is at the point where the two diagonals of the rectangle meet. 

. . 0 nressurc is taken into account, and if P be the air procure 

_ =» ««* **>» •*** * ^ 

... r Transmission of Fluid Pressure A change of pressure 
f Hauid or a gas causes an equal change in pressure at 

tt U a ot y hor 1D , o^t8 The transmission of fluid prussuro, as given by 

j'isnal’B Law. may be stated as follows:- 
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Pressure exerted anywhere in a mass of a confined fluid is trans¬ 
mitted by the fluid in all directions , so as to act with undiminished 
force per unit area and at right angles to the surface exposed to the- 
fluid. 

To establish Pascal's law in case of a liquid we take a vessel with 
a number of openings of different cross-sectional areas a,b,c,d, etc. 
(Fig. 145), all of which are fitted with water tight movable pistons. 
Let the vessel be completely filled with water and the pistons be kept- 
in position. If any one of the pistons, say at a, be now pressed inwards, 
all other pistons will be found to move outwards, which shows that the 
pressure is transmitted in all directions. 

Again if a force F x be applied on a, then the pressure p per unit- 
area, is Fi/a. It will be found that in order to keep the pistons at 
b,c,d, in positions additional forces F 9 ,F a , F<, etc. are to be respec¬ 
tively applied to them, so that F 9 /b, F a /c,F 4 id are all equal ; in other 
words the pressure on unit area of each is the same. This shows that 
the pressure is transmitted undiminished in all directions. 



Fig. 145 Fig. 140 

Another simpler apparatus may by used to verify Pascal’s law. A 
and 13 are two cylinders, of sectional areas o and b respectively, con¬ 
nected with a pipe C, the cross-section of B being larger than that of A 
(Fig. 146). They are filled with water to some height and fitted with 
water tight pistons P t and P 9 of negligible masses. 

Lot a weight w bo placed on the smaller piston P lt then the in¬ 
ornate of pressure on this piston is given by p a wia. This pressure is 
transmitted to the liquid within the cylinder B and the piston P fl is 
pushed with an upward force. It is found that to maintain equilibrium, 
i e., to keep P a in position, a weight W is to be placed on this piston, 


where W =■ — b. Hence 

a 


b W w 
a ° X T~ a 


... (105,1) 


which shows that the force per unit area remains tho same. 


For example, if the croas-3ection of A and B be 1 sq. cm. and 
50 sq. cm. respectively and if a mass of 1 kgm. be placed on the piston 
P t then a mass of 50 kgm. ib to be placed on P 2 for equilibrium. 
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This illustrates the principle of multiplication offeree by transmission 

of fluid pressure. . 

This experiment also illustrates that on increasing P'® ur at " 

a ssfeifiSt sr - - 

higher pressure to a region of lower pressure. 

rTt^li of water w«h » a 

££ „ on the bottom f (Do.. H. S.-.05D 

A. The total thrust at thedU'*^'aTmos^heric 

h^Tac^t the bottom* of the vessel vertically downward 

as also upwards. 

„ rk ; s transmitted undiminished to the bottom. The 
The pressure due to ttie cra .. Hence thrust due to tins at 

30 =«”■ 

If h l>e the vertical height of the bottle. Pressure at the holtom due to water ft 
gra . wt per cm-. Hence thrust due to water = 30 * *». *t. 

Total thrust = 1200 + 90 h gw. wt. 

„ .1 i „»„♦!» it*.llows —The principle of transmission of fluid 

106 - ■ y ,r'f rustrated bv'tliu Hydrostatic bellows designed by 
pressure is also illustrated uy ' . 

Pascal. It consists of a long glass tube (In*. V 
attached to stout India rubber bladder or leather 
bellows B. The bladder is placed on a table while 
the tube is held vertically. The bladder and a 
part of tbe tube are filled with water. A piece of 
fight board may be placed on the bladder. A heavy 
weight placed on the board can be supported sim¬ 
ply by the weight of a column o water in the tube. 

The pressure exerted by the column of water in 

the tube is transmitted imdiminished into the 
bladder and produces on tbe entire upper ■surface 
a vertical upward thrust proportional to its area, 
which supports the weight placed on the board. 

C board is taken for the uniform distribution 
of pressure exerted by the weight placed on the 

bladder. . . . , 

,r^“oJ r bT™iJon n ^ a fl u^ 

pressure ts utilised in the working of a hydrau- 
HO press. This is used for exerting onormous force Fjg 147 

as in compressing bales ° 8 f Q teBtin g the strength of iron 

beam's/in punS boles through metal piates, etc. 
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Ifc consists of two iron cylinders O.and T communicating with each 

other through a stout metal pipe 
(Fig. 148), the cross-section of 
C being many times larger than 
that of T. There is in each 
cylinder a solid rod acting as a 
water-tight piston. The piston 
in T is worked by a lever L, 
having the fulcrum at the end. 
The piston in C is a large iron 
‘ram’ R which carries a platform 
at its top. Above the platform 
there is a fixed plate supported 
on iron pillars S. The object 
Fig. 148—Hydraulic Press to pressed is placed on the 

platform on R. A reservoir filled with water is in communication with 
the cylinder T through a pipe fitted with a valve Y which allows 
water to flow only in one direction from the reservoir to the cylinder. 
There is another valve Y fitted to a side tube to pass water only in one 
direction from smaller to the bigger cylinder when the piston P is 
worked. The above improvement was devised by an engineer Bramah 
and the press is therefore sometimes called Bramah’s Press. 

As the piston P is raised by the lever L, the valve within the side ^ 
tube is closed and the inlet valve becomes open, whereby water from 
the reservoir enters into the cylinder T below the piston. If now the 
piston is lowered, the pressure inside increases, due to which the valve 
within the side tube is forced open and inlet valve is closed ; conse¬ 
quently the water passes into the cylinder C. Thus, during eaoh upward 
stroke of the piston a quantity of water is drawn into T, and during the 
next downward stroke this water is pushed into the cylinder 0. The 
pressure applied on the piston is thus transmitted to the water in 0 and 
produces on the ram R an upward force which is many times greater 
than the force applied at the piston. 

When the ram R is to be lowered, the tap K attached to the 
connecting pipe is opened and water, due to tho weight of the ram is 
forced back into the reservoir. This tap must he closed before the press 
is operated. Tho ram may be kept under a pressure for a considerable 
period by closing the tap K. 

Let the areas of cross-section of C and of T be x and P respectively 
and lot a force Fi be applied to tho end of the lever L. If the thrust 
generated on the piston P bo F„ then from the theory of the lever. 

. r . . , , f F» Power arm 

Mechanical advantage, m - ^- - Besi8taDce arm 

o longer arm _ y 
shorter arm x 


- —-Fi 


... ( 107 , 1 ) 
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Let the total force generated on the ram be F 3 . 


Then 


F.-/3 


F.. & 


ml\ 


(107,2) 


Mechanical advantage of the machine 


F 


v& 

X* 


x 


(107,4) 


_ £_3 mm = ••• (107,3) 

Here of course we neglect the effect of friction at different parts of 

-5: ce sr-wn & 

r? : ?0 snrs 

of the larger pis I_ 10 Q l00 ) 0 r 1000 times the force applied at 
^ £«, so rt tt lchan.ca, advantagn of the machine comes out 

t0 Thl^riociple of Conservation of Energy may be applied in this case 
in fpZ wav e Thedecrease ™ 

fjS Through 1 distance*,, and the piston in T is pushed down 
through x x then *,«-**0. 

. whence F 2 X 1 = F 

• • ^ p 

Now*work done on the smaller piston - F,x t 

and work done on the larger piston - F,*, 

From (107,4) work done by the larger piston 
« work done on tho smaller piston. 

Examples :— , . 

_ i. . »wn nislons of a hydraulic press arc 1 in. and 0 in. res- 

pectiVel^k^Wio^inidtiphcation^of ^ Pr ° dUCed J , (D h a * ^ 

A The pressures acting on the two pistons must be equal by Pascal s Law. 

* f _ ssurc V area of cross-section. Let Fi and Fa be the forces 
octiD fo W n SeTSTo^ pistons radii 0-« in and 3 in. respectively. 

F, F. _ 

Then pressure = .5* “ n x S’ 

F, _ «X3' sc 

whence — p ^ ^ . 5 * 

o The diameters of the pistons of a hydraulic press are 4 in. and 40 in. res- 
,.*• . . Th „ s l, or tcr arms of the lever working the smaller piston is 8 in. and 
pcclivcly. T . . j cn t | ( Fi„d the totul force produced on Hie larger 

tl i , slo l rwhen 8 a m foIce of 75 H»s. is applied at the end of the longer arms of the lever. 

Pl v Let the effective pressure at the smaller piston = p lbs. 

Then from principle of lever. P = 75 X 4 X 12 ->8 /. P = lb. 

Cross-sectional area of the smaller and the larger pistons _ 4 * sq. m, and 
400 .T sq. in. respectively. 

U t the total force produced on the larger piston = P lbs. 
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P 

400r 


4 5 0 

4 ir 4r 


when P= 45000 lbs. wt. 


108. Conditions of Equilibrium of a Liquid.—When a quantifcy- 
of a liquid is at rest , the following conditions hold good.— 

(.Z) Considering any elementary volume within the liquid, it is 
acted on by a vertical upward thrust which is equal to the weight of that 
elementry volume. 

The explanation is obvious, since any elementary volume of the 
liquid has a weight and this weight is always acting downwards. 
Since this element is at rest, there must bo an upward thrust which 
balances the weight. If the forces in two opposite directions were not 
equal, this element would tend to move in the direction of the greater 
force and the equilibrium would be lost. 

(2) The free surface of a liquid at rest is horizontal. 

If possible, let the liquid surface AC be not horizontal, as shown in 
fig. 149. Let B and D be two points in the same horizontal line with¬ 
in the mass of the liquid. Let the vertical depths of this two points 

below the free surface of the liquid be 
h' and h. 

The pressure at D=- P +■ hpg, pres¬ 
sure at B — P ♦ h'pg, where P is the at¬ 
mospheric pressure. Hence the pressure 
at B would be greater than that at D 
and so an element of liquid would move 
away from B to D and equilibrium 
would be lost. This flow will persist 
in the direction BD so long as the 
pressures at B and D are not equalised. 
So for equilibrium, the pressures at 
B ui.d D must be equal, i.e., the depths of the two points from the 
ueo surface must be equal. As B and D are on a horizontal plane, 
points A and C must then bo upon another horizontal plane, at an 
upper level. Since A and C are any two points ou the surface, 
it proves that, the liquid surf ace at rest is horizontal. 

109. Equilibrium of a Liqnid in Communicating Vessels._ 

If any liquid is poured into a number of communicating vessels of 
whatever shape and sizo, as in fig. 150, then at rest, the liquid stands 
to the same height in all the vessels, so that the free surface of the 
liquid in all vessels are on the same horizontal plane. 

If n horizontal plane be drawn within the liquid, cutting all the 
vessels, the pressure at all points on this plane must be the same. 
As the pressure at any point depends on the depth of the point from 
the upper surface of the liquid it shows that the pressure on the same 
horizontal plane must be the same and so the free surface of the liquid 
tn different vessels are on the same horizontal plane. This fact is- 
usually expressed by saying that a liquid finds its own level. 



Fig. 149 
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Equilibrium of different liquids in the same Vessel.—If several 
liquids of different densities, which do not mix with one another, be 
at rest in the same vessel, ^ {*=») ^ ^ ^ jf 

they would arrange them- JJ \ f_*J \ 7 r iL — aJjL —.— M-- 

selves in the order of their 'fcT~ yWf If" jf 

densities, the heaviest \ ) I \ J IS 

liquid occupying the M. ). ( . -JL " ^ 

lowest position. Further, ^ i L 111 

the free surface as also 
the surface of separation 

in each case are found ^ 

to be horizontal. If small Fig. 150 

quantities of mercury, , . . _ 

water (coloured, if necessary) and paraffin oil bo poured in e a na 
bottle or a test tube, the mercury occupies the lowest position and the 
oil the topmost. If the liquids be well shaken they appear to mix, 

but on standing they separate and arrange themselves as ore. 

Equilibrium of two different Liquids in a U-tube.—If two 
liquids of different densities, which do not mix with each other, be 
poured into the two limbs of a U-tube or an/other kind of communi¬ 
cating vessel, then for equilibrium, the free surfaces of the two liquids 

do not generally stand at the 6amo height. . 

ABC is a glass U-tube (Fig- 151) ; let mercury be poured into the 

limb BC, which is found to attain the same level in both the limbs. 

Now a quantity of a liquid which does not mix with 
mercury is poured into the limb AB. Let the common 
A __ surface of contact with the two liquids stand at D, 

^ >5 '‘ while the free surfaces of the liquid and of mercury 

izi stand at A and C respectively. Let the horizontal 

plane through D meet the other limb at E. 

:i- j, 2 _ C Then the pressure at D - pressure at E. 

] H Now pressure at D°P + h*p. i g and pressure at 

— A n E-P + h 1 PiO, where P is the atmospheric pressure, 
C;C. |' I — AD, h x “ CE and P» and Pi are the densities of 

q Cjl± _AH £ the liquid and of mercury respectively. 

■ JH P + h x P x Q~ P + h»p % g or h t p x - /i a P a 


whence 


h , _ P -2 


(109,1) 


Hence for equilibrium, the heights of the two 
Fig. 151 liquid columns above the common surface of contact 

are inversely proportional to their densities. 

Taking the liquids to be water (density l) and morcury (density 
13 * 6 ) the height of the water column above the common surface is 13'6 
times that of the mercury column, as measured from the same level. 

110 Some Applications of Equilibrium of Liquid.—The 

following cases work on the principle of equilibrium of liquids. 
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Spirit Level. —This instrument is used to test the level, i.e., to 
examine whether the plane surface on which it is placed, is horizontal 
or not. It consists of a glass tube slightly curved and closed at both 
ends. It is nearly filled with spirit so as to leave room for a small 
bubble of air, which naturally occupies the highest part of the tube 
(Fig. 152, a). The tube is mounted in a metal case, with convex side 
uppermost, the base of the case being perfectly plane. When the ins- 



fa) Fig. 152—Spirit levels (5) 

trument is placed on a perfectly horizontal surface, the air bubble 
occupies exactly the middle position between two marks on the convex 
side of the tube equidistant from the middle. If the surface is not 
horizontal, the bubble moves to a different position. Fig. 152 (6) shows 
a spirit level of circular type. 

Water-supply in Towns.—Water duly filtered is pumped up into 
a suitable reservoir and placed at an elevation higher than any place 
at which water is to be supplied. Main pipes run from the reservoir, 
while smaller service pipes branch off from the main to different 
houses. Water runs down from the reservoir and in finding its own 
level, is likely to be available in all places at lower levels than the 
reservoir. The ‘head’ of water which means the vertical height of the 
water eurface in the reservoir thus furnishes the necessary pressure for 
the water supply. But owing to friction of water against the sides of 
thy pipes and the viscous resistance between different layers, the water 
fulls short of the expected height. 

It is to be mentioned here that for supply of water in Calcuttn, water is filtered 
at l'nllu, 20 miles north of Calcutta and is stored in tanks there at a height of 
about 100 ft. above the level of the city. But as the water in reaching Calcutta 
loses much of the pressure, a huge water reservoir has been constructed ut Tala 
just lo the north of Calcutta at the height about 100 ft. into which water is 
forced up by pumps and stored before distribution. But even with this arrangement 
Ibo required pressure is not available at all places. 


BLAISE PASCAL (1623—1662) 

rascal was born at Clermont-Ferraud in France in 1623. He was 
a genius in mathematics and he wrote a Treatise on Conic Section at 
the age of sixteen. Just at this ponod-his health broke down seriously 
and he had to take rest for two or ihree years. He was appointed a 
teacher in mathematics ut the Polytechnic School. While in this 
service he carried on researches in the properties of liuids- His most 
famous experiment was the demonstration of atmospheric pressure. 
He also devised various experiments for the measurement of pressure 
communicated by water and in 1646 enunciated the famous law of 
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pressure which goes by his name. At the age of twenty-four he gave 
up his scientihc work and devoted the rest of his life to theology and 
religious activity at the Jansenist community at Port Royal. He died 
in Paris in 1662. 


Summary 

Pressure al a point in a liquid is the normal force exerted by the liquid 
on unit area containing that point. The pressure at u point or at different points 
on the same horizontal plane is the same in all directions. 

The magnitude of the pressure at a point within a Uquid is equul h ? g 

Pascal’s Law.—Pressure exerted, anywhere upon a mass of a confined liquid 
is transmitted by the liquid in all directions, so as to act with undimimshed forces 
per unit area and at right angles to the surface exposed to the hqmd. 

The principle of multiplication of force follows from the above fact. The 
principle is illustrated in the construction of a hydraulic press where a large 
mechanical advantage is secured. 

The free surface of a liquid at rest must be horizontal. The principle is illus¬ 
trated in (») Spirit-level and (i«) Water-supply in towns. 


Exercises on Chapter VIII 


1. Describe an experimental arrangement to show that water 
exerts pressure in all directions. (C * V.-1027) 

o. Obtain an expression for the total liquid thrust in absolute 
units'on the plane horizontal bottom of a vessel oontoinmg a liquid 
...d describe briefly an experiment to show that this thrust docs not 
“epeud on the shape of the vessel. (P. U-1922 ; C. U.-1920) 

o Distinguish between Thrust and Pressure. Give the units in 

which they arc expressed. (Dcl * H S—,932) 

4 Define pressure at a point within a liquid ut rest and obtain 
all expression for it. <M«d. U.-1950; Anna. U.-195!) 

f>. The density of sea water is 1*025. Find the pressure at the 
depth"of 10 feet below the surface in pounds per square foot, given that 
one cubic foot of water weighs 02 *£ lbs. (C. U. 1927) 


A. 040*625 lbs. per sq. ft. 

G. If we have a vertical pipe half inch in diameter and 100 ft. 
high filled with water, what will be the hydrostatic pressure at the 
lower end ? What is the hydrostatic pressure at a point 100 ft. below 
the surface of water in a lake ? In liotli cases, assume that density of 
water is 04 lbs. per cu. ft. and express the pressure in lb. per square inch. 

(P. U.—1940) 


A. 44-J lbs. per sq. in. in both cases. 

7 . A hole, 0 inches square, is made in a lock-gate at a depth of 
20 ft" below the surface of water. If the density of the water con¬ 
tained be 1*02, find the force that must be exerted on a plate to pre- 
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Art. 101 
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Art. 101 


Art. 102 


Art. 102 


Art. 103 
Art. 104 

Art. 106 

Art. 106 
Art. 107 

Art, 107 


vent the water from going out by holding the plate against the hole 
(given 1 cu. ft. of pure water = 62-5 lbs.). 

A. 322-575 lbs. wt. 

8 . A vertical tube 3 ft. long and having an internal diameter of 

1 inch, is filled with equal volumes of water and mercury. Assuming 

that weight of mercury is 13-56 times the weight of water, calculate 
the pressure in lbs. per sq. in. at the bottom of the tube due to the 
head of the liquid. Also, what is the weight of water in the tube ? 

A. 0-45 lbs./sq. in.; 0-51 lb. 

0. A lockgate is 35 ft. wide, and the heights of water above the 

bottom of the gate on the two sides are 26 and 13 ft. respectively. 

Find the resultant pressure and the height, measured from the bottom 
of the gate, at which it acts, the mass of water per cu. ft. being 64 lbs. 

A. 253-5 tons; 10-11 ft. 

10. A vertical wall, 2 ft. thick and 18 ft. high, weighing 124 lbs. 
per cu. ft. supports the pressure of water on one side. How high 
may the water rise without causing the resultant force on the base 
of the wall to pass more than 8 in. from the middle of the wall’s 

width ? 

A. 6-59 f k . 

11. Explain why the thrusts on the bases of Pascal's vases are 

not equal to the weight of the contained liquid. (Utkal. U. 1951) 

12. A hollow right circular cone of base diameter 20 cm. and 
height 15 cm. is completely filled with a liquid of density 1-2 gm./c.c. 
Find the mnss of the liquid nnd the thrust at the base of the cone. 

A. Mnss = 1884 gm. ; thrust = 5652 gm. wt. 

13. State Pascal’s Law regarding the transmission of pressure in a 
liquid ami describe suitable experiment to verify it in the laboratory. 

(C. U.—1931) 

14 State Puscal’s law as to the transmission of pressure in a 
liquid. 

Describe the principle and action of a Hydraulic Press, giving a 
sectional diagram. (C. U.—1940, ’44, ’50; Del. U.—1951; 

Del. II. S.—19-19, Pat. U.— 1952; P. U.— 1935, Dac. U.— 1934) 

15. Make a diagram showing the construction of a hydraulic press. 

A force of 50 kgm., is applied to the smaller piston of such a 
machine. Neglecting friction, find the force exerted on the larger 
piston, tin- diameters of the pistons being 2 and 10 cm. respectively. 

(P. U.—1925) 

A. 1250 kg. wt. 


CHAPTER IX 







ARCHIMEDES’ PRINCIPLE 

111 Resultant Thrust on a Body immersed in a Liquid.— 

When 'a body is immersed in a liquid, every point of its surface m 
contact with the liquid is subjected to a hydrostatic pressure The 
pressure at any point is normal to the element of surface at that point 
and is proportional to the depth of the point below the free surface 
of the liquid. These pressures combine into a resultant thrust, which 

tends to move the body upwards. 

Imagine a rectangular block ABDC of a solid to remain immersed 

vertically in a liquid (Fig. 153) The whole liquid 
pressure on the block consists of ( 1 ) thrusts on the 
vertical sides AC and BD and (ii) thrusts on the 
horizontal surfaces AB and CD. The pressure at 
any point on a aide is horizontal and is exaotly 
counter-balanced by an equal and opposite pressure 
at the point on the opposite side on the same 
horizontal line. The horizontal force due to 

pressures at all points on the vertical sides are -- 

thus mutually neutralised and wo are left only 158 

with the vertical thrusts on the faces AB and CD. 

Let the depths of AB and CD from the free surface of the liquid be h and 
h' respectively and cross-sectional areas of the faces AB and CD be a. 

Let height of the block “ 1 

density of the liquid ~ p 

/. Thrust on AB acting vertically downioards “ ahpg 

Also thrust on CD acting vertically upwards - ah'Pg 

Since h'>h, the upward thrust is larger than the downward thrust. 

.-. Resultant thrust on the block, acting vertically upwards 

— a\h — h) p(j “ alpg 

° weight of volume ABCD of the liquid displaced by the block. 

Thus the resultant thrust on a body immersed in a liquid is equal 
to the weight of volume of the liquid displaced by the body and acts 
vertically upwards through the centre of gravity of this portion of 

the liquid. 

If the solid is not completely immersed in the liquid, the upward 
thrust acts on the immersed portion of the solid In this case the 
resultant thrust is oqual to the weight of the liquid displaced by the 
immersed portion of the solid. The resultant upward thrust on a solid 
immersed wholly or partly in a liquid, is called the buoyancy of the 
liquid. Its magnitude is therefore equal to the weight of the volume of 

G—12 
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the liquid displaced. The buoyancy acta vertically through the centre of 
gravity of the volume of the displaced liquid, which is therefore called 
the centre of buoyancy or the centre of floatation. Evidently the 
buoyancy does not depend on the depth to which the body is immersed* 
nor on the shape, mass or material of the body itself. It simply 
depends on the immersed volume of the solid and the density of tho 
liquid displaced. 



Fig. 154—Hydrostatic Balunco 


Apparent Weight.—As the weight of a body acts vertically down¬ 
wards, the weight of any body immersed in a liquid must appear less 
than its true weight. If the true weight of the body be W and the 
buoyancy be TV', the apparent weight of the immersed body is equal 
to (W - W ). A body therefore appears lighter when immersed in a 
liquid. Thus it is oasier to carry a pitcher filled with water or to 
move a stone when inside water than when outside. 


m. Principle of Archimedes.— When a body is immersed 
either whoUy or partly in a fluid at rest, it appears to lose a part of the 
weight % uuiicti is equal to the weight of the fluid displaced . 


Experimental Verification of the Principle.—To verify the 
principle, a hydrostatic balance is usually taken. It is simply an ordi¬ 
nary balance with arrangement to get conveniently the weight of a body 
m air and also when immersed in liquid. In some special forms, one 
of rho pans is suspended by a shorter frame and has a hook attached 
below, from which the body to be weighed can be suspended by a 
string. In the ordinary form a wooden bridge T (Fig. 154) is placed 
on the floor of the balance across one of the pans, so that a beaker 

deLriiL ^P. 4 naV . b6 r ? laCed ,°n the bridge. (For experimental 
details vide J. Chatterjee s Intermediate Practical Physics). ' 
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Take a solid cylinder A, which just fits into the hollow cylinder B, 
so that the volume of A (Fig. 155) is exactly equal to the internal 
volume of B. Suspend the cylinder B from a 
hook attached to one arm of the balance and 
suspend A from a hook fixed to the bottom of 
B. Counterpoise the whole by placing weights 
on the other scale pan. Now place an empty 
glass beaker D on the bridge C, so that A 
hangs within the beaker. Pour any liquid-6ay 
water, into the beaker till A hangs completely 
immersed in water ; take care that it does not 
touch any side of the beaker. The equilibrium 
is found to be lost and the other pan goes 
down, showing as if A has lost some 
weight. Now pour water into B till it is 
completely filled ; the equilibrium now is 
found to he restored, when the beam becomes 
horizontal again. 

Hence it is found that the apparent loss in 
the weight of A, due to the upward thrust l’*g. 155 

of water is exactly equal to the weight of water completely filling B. 
As the inner volume of B is exactly equal to volume of A, the apparent 
loss in the weight of A is equal to the weight of water displaced by it. 
The experiment may ho performed with any other liquid. The fact 
can also he very quickly verified by a spring balance. 

Apparent Loss.—It is to bo noted that the loss observed in 
the weight of the immersed solid is only apparent. Thus, if the 
beaker containing the liquid is placed on the scale pan, there will 
he no change whether tho cylinder A is, inside the liquid or out¬ 
side. When the cylinder is immersed in the liquid, it experiences an 
upward thrust which tends to raise tho arm of the balance ; but tho 
cylinder at the same time exerts as reaction a downward force on water 
in tho beaker. As by Newton’s Third Law of motion, tho reaction is 
exactly equal and opposito to the upward thrust, the balance remains 
always in the same condition. 

Now if a finger is dipped into tho water in the beaker, tho pan 
carrying the beaker at onco goes down. Hero the upward thrust on 
tho finger is taken by the hand hut tho reaction acts on the water and 
so on tho beaker, causing tho pan to go down. Similar effect is observed 
by suspending a solid into a liquid from a support placed outside. 

113. Some Practical Applications of the Principle.— The 
principle is utilised in tho following cases.— 

(1) Determination of Volume of a Solid. —Tho volumo of a solid, 
heavier than and insoluble in water, can be easily determined in the 
following way :—Weigh the body in air ; lot it bo W gm. Then 
weigh the body, when suspended in water with a hydrostatic balunco ; 
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let it be W' gen. Lat fcbe density of the water taken be P gm. per o, d 
Then the mass of water displaced by the solid W - W gm. 

W-W' 

Hence volume of the displaced water — - c.c. 

*= volume of the body. 

If weights are given in pounds^ the density of water is usually 62 5 lbs. 

W - w / 

per cu. ft. and so the volume of the body is —^5 cu.ft. The volume 

of a solid of irregular shape is usually determined by the above way. 
For example, suppose that the mass of a piece of stone is 52 12 lb. in 
air and its apparent mass in water is 31*54 lb. Then its volume comes 
out to be (52'12 - 31*54)-*-62* 5 = O'33 cu. ft. 

(2) Determination of Density of a Solid.—As density is mass 
per unit volume, the density p of the solid is given by 

. mass w W - W' Wp 

P - volume ~ W ' t - P “ 'W-W 7- 

If expressed in 0. G. S. units, the density p' of the 6 olid 

- g m - P 0r cc - (taking P “ l) 

If expressed in F. P. S. units, the density p' of the solid 

- -62*5 lb. per cu. ft. 

For the 6 ame specimen of stone its density in the F. P. S. unit 
from the data supplied comes out to be 2'53 * 62’5 lb. per ou. ft. and 
in the C. G. S. system it is simply 2'53 gm./c.o. 

114. Equilibrium of Immersed and Floating Bodies.—When a 
body is immersed in a liquid, it is simultaneously subjected to two 
forces— (t) the weight W of the body, and (it) the buoyancy W' of 
the displaced liquid acting vertically upwards through the 0. G. of the 
displaced liquid. The equilibrium of the body depends upon the 
relative magnitudes of the two forces and consequently three cases may 
arise, according as the weight W is greater than, equal to or less than 
the buoy an oy W'. 

(1) If W>W' f that is, if Iko weight of the body is greater than the 
vertical upward thrust, the body sinks down. The weight of the body 
in this case is greater than the weight of an equal volume of the 
liquid ; which means that the body is heavier than the liquid. Thus a 
piece of stone or iron sinks in water. 

(2) If W — W\ that is, if the weight of the body is equal to the 
vertical upward thrust, the body floats completely immersed and may 
remain in equilibrium at any position within the liquid. Evidently the 
density of the body in this case is equal to that of the liquid. A drop 


ART. 114 


ARCHIMEDES’ PRINCIPLE 


18 i 


of olive oil may stand anywhere within a mixture of equal quantities of 

•water aod alcohol. , , 

Tf W<W\ that is. if the weight of the body is less than the 

... " ranr( i fhniit the body floats partly immersed in the liquid. 

A'pTeVof cork or wood floats on water and iron floats on mercury^ 

Evidently the weight of the body in this case » less than that of an 

equal volume of the liquid. 

rni. _ third case gives the condition under which a body may float on 

,. Th ° qn thl coiiditions of equilibrium of a floating body are 

1 "ftTbe O fl o h atin g n b 0 dy must displace a volume of the liquid, whose-. 

weight is equal to the weight of the body itself. ., 

(2) TheC G. of the body and the C. G. of the displaced liquid 
j.no • q vertical lino called tho 

(centre of ““ d j genera l the former is above the latter. 

TZ'e o?rhod h ; a b oa d tinrfu^ Completely immersed the C. G. of the 

body should bo vertically below tho centre of buoyancy. 

. tr,. Let us take a body floating in equilibrium, say. a slnp floating 
Mctaccntrc.—Let us i.ik 9 centre of buoyancy 

on an even keel. As alreadyd .ho latlcr. If the body is 

lie on the same vortical I QVcp i(s C . G. and the centre of buoyancy 

are" I jo tli 1 ' disp 1 need' in 'ft* direcl ^ ^rc the 

li'r." dy C is“ Ilcd the .lacenlrc of .be body. 

The equilibrium - ■ ^ 

mctaccntrc is above or Wow “c ^• lhc ullibrium is neutral. By putting 

in the case of a floating *P • lh mc tnccntre so as to have an increased 

ballast in the ship, her C. O. is Kept 

stability. , . 

, 1 „ oirrlf in ono liouid but float on another. Thus a lump oE 

• A “to Tn wLter but ilotts on mercury. A fresh egg sinks in 
iron sinks m on stron( , brino. A fully loaded boat on sea 

taWpartly unloaded for safety before entering a river of fresh water. 

innlication and Illustration of the principlo of 

Floatatiom—-The following eases furnish some illustrations of tho 

principle of lloatin^ Water.—When water freezes into ice, it 

Floating o ' , fc n vo i u , ne 3 of water at 0°C, become 

the same temperature. Hence the density of ice 
is less than that of water and eo ice floats on water. 

From the principle of floatation, 

Volume of ice und er wat er = ,, 

Total volume of ice 

Hence a mass of ice will float on water with 

water rstbeuTrotaVd’s^^ieet^ flo^Ton s^wo^ with only 
one-ninth of its volume exposed. Again glacier ice is somewhat porous 


1 1 th of its volume 


fnUl 

Tho density of 


sea 
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and so an iceberg from a glacier floats on sea-water with about one- 
seventh of its volume exposed. 

Floating of a Ship. A solid heavier than a liquid may be given a 
suitable shape as to float on a liquid. The shape of the body would 
have to be such that the weight of the liquid displaced by the immersed 
portion of the body is equal to the weight of the body. Thus a porcelain 
saucer or non cauldron floats on water partly immersed, for owing to 
its concave shape it displaces sufficient water for the purpose. 

The body of a ship is constructed with iron plates, but owing to its 
conoa\e shape the interior is hollow. It can therefore displace, even 

en partly immersed, a volume of water whose weight is equal to 
the weight of the ship with her contents; hence-the ship floats. If 
the ship is loaded more, she sinks further to make the upthrust due to 
the newly displaced volume of water equal to the additional weight. 

The carrying capacity of a ship is represented by her tonnage. A ship whose 
tonnage is .,0,000 tons can carry an equal mass of material. It is to be noted 
lli.it for t lie- hake of safety there should l>e a suitable margin in the loading of a 
ship and sufhcenl free-board must, be left above the water line. It has now been 

'“Vi , al . eV " y slj, P should bear a mark called the Plinuson line, wlyeh indi- 
cuUo Hie i 12111 L of permissible immersion. 

Bodies heavier than water can also bo made to float by attaching 
{!? , er ,,odles of suitable size. This explains the working of life-belts, 
life-buoys eb\ A life-belt consists of a hollow air-tight tube, floating 
on water. When a porson tries to swim with its help, it sinks a little 
further to counterbalance the force necessary for the man to float. 

Swimming.—The human body is lighter than water, but his head 
:s bc:>vjeiv So the dead body of a human being floats with head leaning 
downwards. In swimming therefore we are to keep the hoad up by 
movements °f the limbs, which produce sufficient reaction upwards to 
, ,. p L 00d y afloat- For a beginner the body may he attached to a life- 
,(;iL is easier to float on water after taking a deep breath, as the 
lungs -emg inflated by air like a life-belt help the man to float. As 

i ,v ' water I s , heav, « r tban river tho immersed portion of the 

body would experience greater upward thrust in sea water and so it is 

;y w 1 , ? r t( > 8wim in sea water than in river water. In case of quadrupeds, 
the front part is lighter than the hinder parts and so they swim natu- 
ra ly with head on water. Birds such us duck swim easily owing to the 
tmek layer of impervious downs on the lower parts of their bodies 

f . C “ Pke8ia " Ww.-Tbe different kinds of equilibrium of a 
ocb floating on a liquid as well as the principle of transmission of 
fluid pressure can be strikingly demonstrated bv a well-known 
hydrostatic toy known as the Carl,,ian diver. It is so called after its 
inventor Descartes who devised it to illustrate the principle of 

^ — 8 , r f b ®. ? IVer cons, . sfcs . of a sraa A hollow porcelain doll with 

end (Fig U 156). r It U X^iTw ^^7 S® 

Jar b6iDg Cl ° sed airtight by a of rubber. The doll is hoUow^ithi'n 
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and is partly filled with air and partly with water. Its mass is so 
adjusted as to be slightly less than that of water displaced so that it 
floats with a very small part exposed. In some cases the doll is solid 
and is attached to a hollow hall with a small aperture at the bottom 
(shown separately), so that the two together float in equilibrium. 

Now if the rubber shoot is pressed, the diver sinks down, but on re¬ 
leasing the pressure the diver rises again to the surface. By regulating 
the pressure, the toy may be made to remain stationary at any level. 

Explanation .— When the rubber sheet is pressed, the air enclosed 
within the jar above water is compressed. The pressure is trans¬ 
mitted through water to the air inside the 
diver. The air is thus compressed to a 
smaller volume, due to which an additional 
quantity of water entors into the body of the 
toy through the opening in the tail making it 
heavier than the water displaced. Hence the 
toy begins to sink. When the pressure on the 
rubber sheet is released, the air inside the 
toy expands again and drives out the addi¬ 
tional wator. The toy thus becomes lighter 
than the water displaced and it flouts up. 

It should be noted that as the diver goes 
down, more and more water is forced into 
the inside owing to increased liquid pressure. 

If the toy could bo forced to such a depth 
that owing to the larger liquid pressure at 
that region, the inside air is reduced to a very 
small volume, the toy will not rise up even 
when the pressure on tho rubber sheet is 
removed. Most fish have an air-bladder below 
tho spine and by dilating or compressing it, they can rise up or divo in 
water at pleasure. 

Submarine. —The modern submarine works on tho principle of a 
Cartesian diver and may therefore lie regarded as a ship with variable 
and controlled mass. It is provided with several largo ballast tanks T 
(Fig. 157) in tho bow, middle and stern of the ship. These are fitted 
with valves of trap doors, through which wator can be admitted into 



Fig. 105 —Cartesian Diver 



Fig. 157—Principle of a Submarine 

the tanks. When to sink, requisite amount of water is takon into the 
tanks, so that the ship becomos slightly heavier than the displaced water 
and goes down. To rise to the surface, the water is forced out of the 
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tanks by powerful pumps worked by compressed air, whereupon the ship 
becomes lighter than the water displaced and she rises to the surface. 

The operation of filling or emptying the tanks may be done swiftly. 
Besides the vertical steering rudder, there are horizontal rudders and 
by suitably tilting these, the ship may be kept at any desired depth. 
The periscope is fitted to the conning tower C and remains above the 
surface of water for getting view of objects on or above the surface of 
water. 

Examples :— 

1. Two bodies are equilibrium when suspended in water from tlie arms of a 

balance. The mass of one body is 28 gm. and its density is 5-6; if the mass of 
the other is 3G gm. what is the density ? (Pat. U. — 1926) 

A. Let the required density = p gm. per c. c. 

Here the apparent weights of the two bodies are equal. 

Apparent weight of the first body = 28 — (28 -v-5-6) =23 gm. 

Apparent weight of the second body = 30 — 36/ p 

OA 

30-= 23 whence p =2*77 gm./c.c. 

P 

2. Show that a hollow sphere of radius R made of metal of specific gravity 
of S will lloat on water if the thickness of its wall is less than R/3S. 

(Nag. U.—1952) 


A. Let x lie the thickness of the wall for which the hollow sphere can just float . 
Evidently if the thickness be less than x , the mass of the sphere would be less, and 
it would float out with a portion of it above water. 

Now volume of the metal part of the sphere = volume of the outer sphere — 
volume of the hollow part of the sphere 


A *R 8 - 


3 3 

tu.J ity ijiass is i II 3 — (II — *1 3 ]S. 


3 


For Ihc sphere just to/lont, the mass of water displaced is ^-jtR u 

* * [k 8 -(»-*)»] S-$*R* 

or [iv a - (R - xi ;! ] S- R s or, 1 - ^ J‘ - JL 


or 


P- x 


— 7 J '°1- ~ ^ • very approximately 


BS 


or, x 


xv 
o b 


3. A body of density 6 is dropped gently on the surface of n liquid of density 
6 ' (o' being less than 6 ). Show that it will reach the bottom of the liquid after 

a timo V/-> "here *7 is the acceleration due to gravity and d is the 

<j(d — 5 ) ^ 

depth of the liquid. ’ (Pat. U.—1931) 

A. Let 7/2 be the mass of a body ; then its volume = 7 / 1/6 
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The upward thrust due to the displaced liquid = X S'? 


So the resultant downward force on the body within liquid = mg - X 6 'g 

Hence the acceleration / of the body, while going down = 9 ( 1 - ~J~) 

■ Since the body starts from rest from the surface of the liquid, 

d-\ft a --ho ( 1- 5 ) r ' whence '“ V -^ 7 ) 

ARCHIMEDES (287—212 B.C.) 

Archimedes was born in 287 B. C. at Syracuse ml Sicily, then under 
Greek empire. His father used to take interest in. Mathematics and 



• v ‘ 




Fig. 1GB—Archimedes 
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Geometry, which in those days were in a most elementary and crude 
form. In his boyhood, Archimedes was educated in a school at 
Alexandria. Inheriting his father’s inclinations, he was also an ardent 
student of Mathematics and the rest of his life was dedicated to the 
advancement of Mathematics and Mechanics. 

He is regarded as the most perfect type of scientific intellect that 
has ever appeared on earth. His researches were mostly theore¬ 
tical and almost all his mechanical invention came out as things of 
urgent necessity to his country and friends. As Plutarch tells us, 

Archimedes regarded his inventions only as among the amusements 
of Geometry. 

As occasions demanded, his inventions among many other things 
are pulleys, windlasses> water screws* hydraulic and compressed air 
machines. When Romans invaded Syracuse, Archimedes devised large 
concave mirrors out of small plane mirrors and focussed by these 
mirrors sun’s rays upon the Roman fleet to destroy them completely. 
The story regarding the discovery of the famous Archimedes’ principle 
runs thus. Hiero, the King of Sicily, had given a known weight 
of gold to an artificer with which to make a crown for him. When the 
crown was made, ho suspected a cheat and asked Arohimedes to 
i< cii’ify, of course without breaking the crown, whether any base metal 
Jiao been substituted for any of the gold. The scientist was at first 
puiwded and kept on thinking for some days regarding the behaviour of 
diligent metals. One day while taking a bath in a tub, he observed 
Home displacement of water and at once it flashed to his mind that 
dilierent substances of equal mass immersed in water might displace 
diilorent volumes of water and this method might serve a clue to teBt 

the purity of a metal. He became so sanguine about the project that 

he jumped up from the bath and ran through the streets shouting 
-l-.u end, iinreka (I have found it) in complete forgetfulness of his 
covering body with clothes. 


Dui-mg an invasion of a Syracuse by Romans in 212 B. C. the 
'•ouiurrs broke open the city gate and a few of them entered Archimedes’ 
mm,,-; to find him sitting motionless and meditating over an abstruse 
geo m (Heal figure drawn upon sand. They challenged Archimedes who 
m i net make a reply. He was then slain. It is said that just before 
hr was killed he cried out—“Kill me but do not kill my figure. ‘ 

Summary 

, II,R . ros f u, l ,anl ,hrusl on a hori y immersed in a liquid is equal to the weight 
c; the liquid displaced by the body and acts vertically upwards through the centre 
of gravity of this portion of the liquid. This is called the buoyancy of the liquid. 

Principle of Archimedes. When „ body is immersed in a fluid at rest it 

displaced U ° SC ° POrt ° f itS ,CCigkt WkiCh ^ CqUal t0 ° ,C Wei ° ht °f the 

The conditions of floatation of a bodv nr c_ 

equal'to "it .Xi£g" ‘ VO ' Um ’' ° f * ! » 
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(ji) The C. G. of the body and that of the displaced liquid, called the centre 
of buoyancy must lie on the same vertical line and in general the former is above 
the latter. In case of a body floating completely immersed, the C. G. of the body 
is \ ertically below the centre of buoyancy. 


Exercises on Chapter IX 


on 


1 . State Archimedes’ principle, and show how it can be verified 

experimentally (Nag. U.—1951 ; cf. Raj. U. 1953; Utknl. L. 

1951 ; Gau. U.-1952; C. U.~1943, ’47, ’49; Dac. U.—1941). 

2 . State the principle of Archimedes. Show how it may be 

proved from the laws of liquid pressure. How does it lead to the law 
of floating bodies. U.—19a0) 

8 . Describe hydrostatic balance and explain clearly the principle 
which the working of the instrument is based. (C. U.—1932) 

4. Show how Archimedes’ principle can be applied to find the 

volume of the solid. (C - U.—1949) 

5 . The crown of Iliero weighed 20 lbs. Archimedes found that 

it lost 1-25 lbs., when immersed in water, lhe crown was made of 
gold and 'silver. Find the weights of these metals. Sp. gr. of gold 
= 19-3 ; sp. gr. of silver = 10-5. < Dac * U.-1941) 

A. gold 15-078 lb.;‘silver 4-922 lb. 

0. State the conditions of equilibrium of a floating body. 

(Cf. Anna. U.—1950; Gau. U.—19o2; Del. II. S.—19al ; C. U.— 

1927; P. U.—1027 ; U. I’. R—1941) 

7 When does a solid body, immer-cd in a liquid, sink or remain 

11 ■ _ tlf , V (Raj. U.—1953) 

•uspended or l>uo\ up • 

« A piece of iron weighing 272 gm. floats on mercury of density 

' -,i| g ( ,f the voumc immersed. Determine the volume and 

13 " ,1 ‘ . (Dac. U.—1937, ’39; C. U.—1930; 

density of iron. 

A. 32 c. c. I 8-5 gm. per o. c. 

n r i gm of an ulloy of two metals of specific gravities 8 and 12 
respectively, is fom* to weigh .« g,n. in wtor. Find the masse, 
of the metals in the ulloy. (Lthal. U.—19ol) 

A. 42 gm.; 10 gm. 

10 State the law of floatation and describe an experiment to verify 
thc 1(lW< ‘ (Mys. U.—1952; Nag. U.—1952 ; U. P. B —1941) 

11 . A hollow sphere made of glass ball just and only just sinks in 
rncthvlated spirit of specific gravity 0-8. It floats in sulphuric acid 
(specific arovity 1-8). Explain why this is so and calculate the por¬ 
tion of the volume of thc sphere immersed in the acid. (C. U.—1937) 

A. 0-44 of volume nearly. 

12. An elephant weighing two tons is taken abroad a barge of 
length 20 ft. breadth 0 ft. standing in a river. How many inches will 
the barge sink? (1 cu. ft. of water weighs 02-5 lbs). (Mys. U.—1952) 

A. 7-17 iu. 4 

13. Two pieces of metuls arc suspended from the arms of a 
balance and urc found to be in equilibrium when kept immersed in 
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112 .2 114 
Art. 112 
Art. 113 
Art. 113 


Art. 114 


Art. 114 

Art. 114 
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Reference 

Art. 116 

Art. 116 


Ait. 116 

Ait. 116 

A>(, 116 


Ai ‘. 115 

Art, 115 
A;l. no 


water. The mass of one piece is 32 gm. and its density is 8 gm./c.c. 
The density of the other is 5 gm./c.c. What is its mass ? 

(C. U.—1949) 

A. 35 gm. 

14. A raft is constructed of four empty barrels lashed together 
and planks weighing 40 lbs. are placed on them. If the barrels be 
regarded as approximately cylindrical and if the height, radius and 
mass of each be respectively 4 ft., 1*5 ft. and 50 lbs., find the load 
that the raft can carry. (1 cu. ft. of water weights 62-5 lbs.) 

A. 0825 lbs. nearly. 

15. A glass tube of mass 150 gm., length 30 cm. and of internal 
cross-section 1 sq. cm. closed at one end by a plate of negligible weight, 
is lilled with mercury and suspended vertically, its open end being 
under mercury contained in a trough. Find the force required to hold 
it in this position when 20 cm. of the tube are out of the mercury in 
the trough. (Density of glass = 2-7 gm. per c. c.) 

A. 170 gm. wt. 

10. A wooden sphere of radius 1-0 cm. sinks in water. On 
coating it with a layer of uniform thickness 3 mm. of wax of density 
0-8 gm. per c.c., it just floats. What is the density of wood ? 

A. 1*24 gm. c.c. 

17. A block of ice (sp. gr. = 0-01) floats in a vessel of water 
filled uplo the brim. What fraction of the volume of the block will 
be above the surface of water ? Describe and explain the changes 
taking place when ice melts. (U. P. B. —1941) 

A. ‘09 of the volume. 

IS. A pontoon with perpendicular sides has a rectangular base 
30 yds. by 10 yds. and is loaded so that the base is submerged to a 
depth of 5 ft. ; 4 ft. of the pontoon remaining above water. It com¬ 
mences to leak, taking in 10 gallons of salt water per minute. How 
long will it be before it sinks; (A gallon of salt water weighs 
10-3 lbs.) 

A. 112*5 hours. 

10. '.a) Explain why an iron ship floats on water. 

(C. U.—1929, ’37; Dae. I!.—1933) 

(b) An iron nuil does not float on water, but a much heavier steel 
ship d'X'S. (Mys. U.—1952) 

20 . Explain why it is easier to swim in sea water than in river 

wuUr. (C. U.—1943) 

21. Describe the Cartesian diver and explain how it acts. Do 
you know of any modern appliance which is based on this principle ? 

22. A solid body floating on water 1ms one-sixth of its volume 
above the surface. What fraction of its volume will project if it floats 
in a liquid of specific gravity 1-2? (P. U.—1827; C. U.—193S, ’43) 

A. Titt 


Art. 110 


CHAPTER X 

SPECIFIC GRAVITY 

117 Soecific Gravity.—If equal volumes of different substances 
are weighed, they are Afferent° 

cubes of the same size, one treater than that of the former 

the maes o! the' la “ 8 ” 9 ^„ Ur than marble. The specific gravilu of 
which means that non b a given volume of the substance is 

:eWiti; C heav\ C er thao an equal volume of a standard substance. 
HeD “' SDe dfic gravity of a substance is the ratio of the wtight jf 

“ZtSTZL .1 *-C and in .... -I ..... » * “ °™*' 

temperature and pressure. 

Specific Gravity (Sp. Gr.) of a substance, 

weig ht of any volume of the substa nce 
= weTghtTof equal volume of water at 4 C 

mass of that vo\m^(JheB^bst^ce 
“mass of equal volume of water at 4 C 
mass of un it volu me of the su bstance 
“mass of unit volume of water at 4°C 

density of tho substance 
“ density of water at 4°C 

gravity of a substance is sometimes called its 
re 1 aVi v e^d ensity. ^Tho speciDc gravity is a pure ratio ; therefore it 

has no dnil0n ® Snecific Gravity.—As already stated, density of 
Den9,ty « fined as its mass per unit volume and is therefore 
expressedTn* some unit, while the specific gravity being a ratio is a 

pure au bstance, p' its density and P that of water 

,rG thhn from the above relation P - Sp. In C.G S. unit, P - 1 gm. 
at ^ 1 . an o' — S Tlence the specific gravity of a substance m C.G.S. 

p0r , C - V numerically equal to its density . Again in F.P.S. units, 

unti L- A lb plr cu ft at 4°C. so P-62’43 x 8 lb. per cu. ft, the 
p «62 43 lb. P in tbe F.P.S. unit is numerically equal to 

6Q°43 x specific gravity of the substance. The mass of 1 cu. ft. of 

water is Usually taken to be 62 43 lb. at ordinary temperature. 

Tqus in 0 G 3. units, density of mercury - 13 6 gn. per o.o. and the 

B p.gr of mercury-(l3-6-l)-13*6. 


e 




tA 


V/ 


fv* 
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Again in the F.P.S. unit the density of mercury — (13*6 x 62’43)’lb. 
per cu. ft. 

And the sp. gr. of mercury = " 13 6 

Thus the statement the specific gravity of mercury is 13’6, merely 
means that a certain volume of mercury is 13‘6 times heavier than an 
equal volume of water at 4°C. in whatever unit the volume is measured. 

Temperature Correction.—In determining the specific gravity 
o a solid or a liquid, water at 4°C should be taken for comparison. But 
water usually available in the laboratory, has a temperature higher 
lan 4 G. As the mass of unit volume of water at any other temper¬ 
ature except 4 C is less than that at 4°C, a correction for this is 
necessary. Let the temperature of water available be t° C. 

Then observed Sp. Gr. - we j* bt o{ 1 °- c - °* subs tance • 

weight of 1 o. c. of water at t °C 


But, true Sn. Gr. — weigbfe ° f 1 Q- Q - of t he substan ce 

weight of 1 c o. of water at 4 °G 


= ."’cifiht of 1 c. c o f the substance weight of 1 c.c. of water at f C 
weight of 1 c.c. of water at CC weight of 1 o.c. of water at 4 °C 

- Observed specific gravity x density of water at t° C. 





The variation of density of water for a 
moderate chuDge of temperature is very small. 
So unless a groat accuracy is required, tem- 
peraturo correction need not be done. 

118. Determination of the Specific 
Gravity of Solids.—It is now evident that 
in measuring the specific gravity of a subs¬ 
tance, solid or liquid, by any method, we are 
to determine two weights—( 1 ) the weight of a 
certain volume of the substance and ( 2 ) the 
weight of an equal volume of water. The 
specific gravity ofi a solid rnay be determined 
by the following methods.— 

(1) By Hydrostatic Balance_The hy¬ 

drostatic balance has already been described in 
Art. 112 (For further details vide .T. Chatterjee’s 
Intermediate Practical Physics). 


(a) Solid heavier than and insoluble in water .—Tnko a suitable 
piece of the solid. Suspend the solid by fine thread (tig. 159), from 
the hook of the pan and weigh it. Then place a bridge on the table 
above the pan without touching it. Slide a beaker over the bridge, so 
that the body bangs freely within it without touching the walls. Now 
slowly pour water within the beaker so that it. hangs completely 
immersed in water, and then weigh it in this condition. 
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Let weight of the solid in air 
weight of the solid in water 
Then the upward thrust on the solid 


- W 

~ w' 

= w - w' 


= wt. of water of the same volume as the solid. 


Hence specific gravity S of the solid-^ —(l 18,1) 

If the temperature of the water be t°C, the corrected specific gravity 
= S x density of water at t° C. 

(6) Solid lighter than bat insoluble in water —Here the given body 
is tied with a small heavy body unaffected by water so that the two 
together might sink in water. The heavy body so used is called a sinker. 
Take a suitable pieco of given solid and weigh it in air. Then with the 
solid still on the pan suspend the sinker in water from that arm of the 
balance and counterpoise it with necessary weights. Next fasten the 
solid and the sinker together, suspend them in water and counterpoise. 

Let weight of the solid iD air = W 

weight of the solid in air with the sinker in water “ W t 

weight of the solid and the sinker, both in water = W 3 

• wt. of the solid in air - wt. of the solid in water - Wi - W a 

W 

Hence sp. gr. S of the solid* ^y ^ ...(118,2) 


If water be at t° C, the corrected specific gravity 
= S x density of water at t G, 

(c) Solid soluble in water — In this case the relative density S x of 
the solid is determined with resuect to a liquid in which it is not 
soluble and then the specific gravity S B of the liquid is determined by 
any suitable method (see later). It can be shown that true specific 
gravity S of the solid is equal to the product of S x and S a . Thus, 

weight of V vol. of the solid 

Sp. gr. S of t le so l weight of V vol. of the water 

weight of V vol. of the solid x weight of V vol. of the liquid 
“ weight of V vol. of liquid weight of V vol. of water 

S™ relative density of the solid with respect to the liquid 
xap.gr of the liquid — Si x S a ...(118,3) 

For example, take a piece of alum. Find its density Si rolativo 
to the kerosene and then find the specific gravity S„ of kerosene. Then 
the sp- gr. of alum S a Si X S B . (for Experiments with a hydrostatic 
balance vide J. Chatterjoo's Intermediate Practical Physics). 

(2) By Hydrometers.—The hydrometer works on the principle 
of floatation and is so constructed that it can lloat vertically in a 
liquid. According to the method of working, various forms of the 
instruments may be put under two different classes, viz. 

(1) Constant Immersion Hydrometer. 

(2) Variable Immersion Hydrometer. 
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Nicholson’s Hydrometer.—It consists of a hollow metal cylinder 
A (Fig. 160) ending in two cones. One of these is connected by a short 
thin stem G to a pan B above, while from the other a conical hollow 
closed pan D hangs. The pan D is so weighed inside with lead Bhots 
or mercury that the instrument may float vertically in a liquid. There 
i 9 a mark on the upper steam, which remains a little above when the 
instrument floats on a liquid. During an experiment, the hydrometer is 
ahcays made to sink up to this mark. It is therefore a type of a cons¬ 
tant immersion hydrometer. 


Float the hydrometer in water 
contained in a tall and wide glass jar, 
so that it does not touch the side of 
the jar (Fig. 161). A bent piece of 
wire is sometimes placed round the 
stem C across the mouth of the jar to 
prevent the instrument from sinking 
too much. Place suitable weights on 
the upper pan B to sink the hydro¬ 
meter upto the mark and note the 
weights. Remove the weights. Now 
place on B a suitable piece of the 
given solid and add weights on B to 
sink the instrument again upto the 
mark. Since in both the cases, the 
hydrometer sinks to the same extent, 
the downward force on the upper pan must be equal. In the former 
case, it is the weight of the 'weights’ placed and in the latter case it 
is t)ie weight of the body and some weight. Hence the difference 
between the two weights gives the weight of the solid in air. 




Fig. 100 


Fig. 161 


Next place the solid on the lower pan in water. If the solid is 
lighter than water, tie the solid with the lower pan. Weights are 
now to be added on the pan B to sink the instrument up to the mark ; 
note the total weight now on B. 

Let weight to sink the hydrometer upto the mark “ W 
wt. to sink, when the body is on the upper pan = W x 
wt. to sink, when the body is on the lower pan - W 2 
Then weight of the solid in air W r - W x 
And weight of the solid in water® W- W* 

Honce weight of water displaced by the solid 

- (W -WJ- (W - W 2 ) - W, - Wx 


.'. Sp. gr. 


S of the solid 


W-W, 

w, - w x 


(118,4) 


If required, the temperature correction may be made in the usual 
way. 
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(3) By Specific Gravity Bottle.—This method is specially suitable 
for finding the specific gravity of a solid given in the form of powder 
or small fragments. 


The specific gravity bottle consists of a small flat bottomed glass 
bottle, having a narrow neck (Fig. 162). It is carefully fitted with a 
ground glass stopper having a capillary bore running 
through its length. If the bottle is filled to the brim 
with any liquid and the stopper is then carefully 
inserted, the excess of liquid escapes through the hole 
in the stopper, thus leaving the bottle completely 
filled with the liquid. 

Take the bottle, clean it and dry it carefully. 

Weigh the empty bottle in a balance. Then put the 
solid inside the bottle and weigh again. If the solid 
is a lump too big to go into the bottle, crush it and 
introduce one or two ohips of the speoimen into the 
bottle. The difference between two weights gives 
the weight of the solid put into the bottle. Now fill 
the bottle completly with water, replace the stopper 
carefully, so that no air bubble stricks inside. Wipe 
off any liquid that oozes out and weigh again. Next pour out the 
•contents of the bottle, wash it thoroughly and fill it completely with 
water ; wipe the outside dry and weigh again. 

Let weight of the empty bottle = W t 

weight of bottle with solid inside it => W, 

wt. of bottle with solid inside and water to fill it - W„ 
weight of bottle with water to 611 completely - W* 

Weight of the solid in air — W 9 -Wi 

and weight of bottle completely filled with water + solid 

— W 4 + W u — W t 

Hence weight of water of the same volume as the solid 
-(W 4 + W,-W l )-W.-W*-W, + W l -W l 


50 
.Gramme 

!£ 60*F / 

$ 

Fig. 162 


• • 


w„-w t , 

Specific gravity of solid, y “w 4 -W 8 + W 9 -W 


...(118,5) 


For a powder soluble in water, use a liquid in which the solid is not 
fjoluble and proceed as usual. The sp. gr. Si of tho solid with 
respect to this liquid is thus obtained, Next determine tho sp. gr. of 
the liquid with respect to water. Then the sp. gr. of tho solid, 
g - x S 8 . The temperature correction may be made as usual. 

(4) By Floatation. —If the solid is lighter than and insoluble 
in water and if it is obtained in a regular from, o.ff., a oubo or a 
cylinder, the specific gravity can be readily determined by tho method 

of floatation, 
a —13 
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Measuring the height and the cross-section of the solid. Let these 
□ he l cm. and sq. cm. respectively. Float the^ 

° - tt 7 % solid on water and mark the height exposed 

2 (Fig. 163). If the density of water be P, then th& 
r density of the solid iB Sp and its mass is IxSp. 
_ i If the height immersed be h, then the height ex- 

posed is U - h). 

Hence volume of water displaced ■=* h< 

Fie ‘ 168 So mass of water displaced 1 D * P 

. For floatation, Z * S p “ h < P whence S 


119. Determination of Specific Gravity of Liquids.—To deter¬ 
mine the specific gravity of a liquid methods are the same as those 
of a solid. The usual temperature correction may be applied if neces¬ 
sary. The specific gravity of a liquid may be determined in the follow¬ 
ing way 8.— 


(1) By Hydrostatic Balance.—Take a pieoe of glass or similar 
solid which is heavier than and chemically unaffeoted by the liquid as 
also by water. Weigh the solid in air. Suspend it from the left 
arm of the balance and weigh it first in water and then in the given 

liquid. 


Let weight of the sinker in air 
weight of the sinker in water 
weight of the sinker in the given liquid 
Then weight of liquid displaced by the sinker 
Weight of water displaced by the siukor 

Specific gravity S of the given liquid — 



-w 1 

-W fl 

*= w — w 
“ w-w 


X 


w - w* 

W - Wjl 


...(119,1) 


(2) By Nicholson’s Hydrometer.—Find the weight of the 
hydrometer in an ordinary balance. Float the hydrometer in water 
and add weights on tho upper pan to sink it upto the mark ; note down 
the weights. Remove the hydrometer and float it in the given liquid, 
Place weights on the upper pan tc sink the hydrometer again upto th© 
mr.rk and note down the weights. Then from the principle of floata¬ 
tion, the 6um of the weights placed on the pan together with that of 
the hydrometer i6 in each case equal to the weight of the corresponding 
liquid displaced by the hydrometer upto the mark. As the hydrometer 
sinks to the same point in both cases, the volumes of water and of the 


liquid displaced are the same. 

Let tho veight of the hydrometer - W 

weight to sink it upto tho mark in water - W t 

weight to sink it upto the mark in liquid Q W 2 

Then weight of water displaced + \y t 

weight of the liquid displaced \y+ W» 
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W 4- W 

Hence the specific gravity S of the liquid D ^ + ^" 


(119,2) 


Examples :— 

1 . A Nicholson hydrometer sinks to a given mark in water when 3-32 gm. is 
placed on the upper pan and to the same mark in a liquid of specific gravity 1-02 
when 0-41 cm is placed on the upper pan. Find the weight of Nicholson’s hydro¬ 
meter. < Pat - U.-195S) 

A. The specific gravity S of the liquid = 1-02; weight Wi to sink upto the 
mark in water = 3-32 gm.; weight W* to sink upto the same mark in the liquid 
= 9-41 gm. If W be the weight of the hydrometer, then 

q w + w s lmQO _ _yy±±± i 

S = W^pWi ° r 1 ~ W + 3S2 

or, 1 02 W + 1-02 X 3 32 = W + 9-41 


or 102 = 


whence W — 301 • 2 gm. 

2 A Nicholson’s hydrometer floats in a liquid with a part of its stem im¬ 
mersed. On putting a weight of 40 milligrams on the upper pan, one centimetre 
more of the stem goes under the liquid. If the diameter of the stem is 2 mm. 
find the density of the liquid. (Nag. U. 1933) 

A When the hydrometer floats in a liquid, then it displaces a volume, say 
V c c of the liquid whose weight is equal to the weight of the hydrometer. When 
a load of 40 mgm. is put on the upper pan, then the weight of the hydrometer 
virtually increases by this amount and in this case the volume of the liquid dis¬ 
placed is V c. c. plus the additional volume displaced. Thus weight of this addi¬ 
tional volume must be equal to 40 mgm. 

Now additional volume of liquid displaced = height X cross section of the 
stem = lX r X'l’= -031* c.c. 

If the density of liquid be p then mass of this liquid = -0314 p which is equal 
to 40 mgm. = ‘04 gm. 

Thus *0314 p = -04 whence p = I*274 gm./c.e. 

(3) By Variable Immersion or Constant Weight Hydrometer.— 
In this, the weight of the instrument as whole remains cons¬ 
tant, while the portion of the hydrometer immersed varies 
with the nature of the liquid. Instrument is made of glass 
and in its usual form consists of a narrow hollow stem 
attached to a hollow body ending in a bulb at the bottom 
(Fig. 1G4). This bulb is weighed with mercury or lead 
shots to make the instrument float vertically. The stem 
contains a paper scale inside ; the mark at which the 
liquid surface meets the stem directly gives the specific 
gravity of the particular liquid. 

The instrument is graduated by floating it in the liquid 
of known specific gravities The higher is the sp. gr of 
the liquid, the more the hydrometer floats out while tho 
lower is the sp. gr. the farther does it sink down. Tho 
graduation are therefore made from above downwards. 

There is usually a sot of hydrometers enclosed in a box for 
different ranges of specific gravities of values from 0'7 to 2. 

When made to float in water at 4°C. tho reading is 1000, 
ie sp. gr. • 1*000; a reading of 1750 indicates that sp. gr. is 1'750. 
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These instruments are used for industrial purposes where the specific gravity of 
a liquid is to be readily determined. For special purposes instruments of different 
types are constructed and are differently named. The sp. gr. of milk is tested by 
an instrument called a lactometer which may be graduated by immersing it in. 
mixture of milk and water in various different proportions. Thus, if it sinks upto 
the mark 4, it indicates a mixture of milk and water in equal proportions. The 
sp. gr. of ordinary milk is lighter than skimmed milk. The sp. gr. of urine is 
tested by urinometer and that of alcohol by alcoholometer. 

Examples :— 

1. A common hydrometer has a uniform stem on which the readings 1*00 and 
1*10 are 8 cm. apart. Find the distance of the reading 1-00 from 1*10. 

(Mad. U.—1950) 

A. Let M be the mass of the hydrometer and V its volume from the bottom 
upto the graduation marked 1*10. When made to float on a liquid of sp. gr. 1*10, 
then according to the law of floatation, V X M = M. If < sq. cm. be the area 
pf cross-section of the stem, then when made to float on a liquid of sp. gr. 1, 
M = V + 8ct. 

Thus M = V X !•! = V + 8 *, whence**= —~—— sq. 


8 


cm. 


Let l cm. be the distance of graduation 1-06 from 1*10. Then from the law 
of floatation, 

M-— (V -f l «.) X 1*00 = (V -f A T x 0-0125) x 1-06 

and since MsVXM, (V + /V X -0125) X 1 06 = V X 1*1 

or, / = 3 cm. very approximately. 

2. The stem of a common hydrometer is cylindrical and the highest graduation 
correspond!, to u specific gravity of 1-0 and the lowest to 1-4. What specific gravity 
corresponds to a point exactly midway between the divisions ? (Utk. U.—1953) 

A. Let M be the ma*s of the hydrometer and V its volume from its bottom 

upto the graduation marked 1*4. When made to float on a liquid of sp. gr. 1*4, 
then according to the condition of floatation, 

M = V X 1*4. Call it eqn. 1. 

Suppose l be the length of the stem from graduation 1*4 to 1*0 and * the area 
cross-section of the stem assumed uniform. When made to float on a liquid of 
gr. 1*0, then from law of floatation, 

M = (V -f- l * ) X l=V+/<. Call it eqn. 2. 

If now S be the sp. gr. of the liquid on which it floats exactly 4 l exnosed 
then Mr= (V + «*)S. Call it eqn. 3. * ' H 

Then from 1, V = 0-7I4 hi 

From eqn. 2, M = V + l * =0-714M -f- l< or, O-2S0 hi = l 

From eqn. 3, M = (V + 4 / *) S = (0-714 M + 0*14SM)S 

I 

or. 


of 

*i> 


S = 


0-857 


— = 1 - 107 . 


Hence the graduation corresponding exactly to the mid-point is 1-167 

(4J By Specific Gravity Bottle.—Weigh a clean, dry and empty 
bottle with the stopper. Then fill it completely with water and weigh 
again. Pour out the water and dry the bottle carefully. Now fill it 
completely with the given liquid and weigh again. 
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Let weight of the empty, bottle = 

weight of bottle filled with water “ 

weight of bottle filled with the given liquid - 

Then weight of water filling the bottle “ 

weight of the liquid filling the bottle = 

W - W 

Hence the specific gravity S of the liquid =* _ w 


W 

W, 

W, 

w,-w 

W 8 - W 

...(119,3) 


(5) By Hare’s Apparatus or Watt’s Hydrometer.—The spe¬ 
cific gravities of two liquids which mix with each other can be 
readily compared by this apparatus It is merely an inverted U-tube, 
having a branch tube at the top end, to which a piece of rubber tubing 
is attached (Fig. 165) this is again fitted with a clip and has a short 
piece of glass tube attached at the other end. The U-tube is held 
vertically in a suitable frame and the lower ends of the two limbs dip 
into the separate beakers, each containing a liquid. When air is 
partially withdrawn from inside by sucking at the open 
tube, the pressure of air inside is decreased and the 
external atmospheric pressure forces the liquid to conve¬ 
nient heights, when the rubber tube is closed by the 
clip. The height of each liquid column above the surface 
of the corresponding liquid in the beaker is either read off 
from the scale attached or is measured by a scale. 

Let densities of the two liquids respectively - P, / 
corresponding heights of the liquid columns “ li, h 
atmospheric pressure at the time " 1 

Now the pressure of air inside the tube is the same 
throughout ; let it be p. Also atmospheric pressure at the 
surface of the liquid in each vessel is P. 

P - p + hpg - p + h'p'g or hp - tip' 
p' h • h 
P ~h' 


whence 


or p “ r/P- 


(119.4) 



Thus the densities of the two liquids are inversely as Fig. 165 
the heights of liquid columns, measured from the respec¬ 
tive surfaces. Hence the densities of the liquids can be readily 

compared and if one of them be known, the other is obtained. For 
example if one of the liquids be water, the density and so the sp. gr. 
of the other is directly found. It is to be noted that the cross-Bections 
of the tubes do not come into consideration and the method can bo 
applied for all liquids. 

(C) By Balancing Columns (U-tabe).—This is a convenient and 
ready method of comparing the specific gravities of two liquids, which 
do not mix nor have any chemical action with each other «.(/., mercury 

and water. 

Take a glass U-tube ABC, as in fig. 151 and pour the heavier liquid 
into it. Then pour the ligter liquid carefully into the limb AD. The 
two liquids have a common surface of contact at D and lot the hori- 
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zontal line through D meet the other limb at E. If the heights of the 
liquid columns from the common surface be f»i and h» respectively and 
if p i and p 8 be their respective densities, then proceeding as in Art 
109, it can be shown that. 

— whence p 2 “ Pij~ '••• (119,5) 

Pa ft. 

whereby the specific gravities of two liquids can be compared or the 
specific gravity of one liquid can be found if that of the other is known. 

The following Table supplies tbe Specific Gravities of commonly 
observed substances :— 


Specific Gravities of Common Substances 


j Substances Sp. Gr. j 

Substances 

Sp. Gr. ' 

Substances 

Sp. Gr. i 

! 

1 

| Steel 

I 

7*7-7*9 

Duralumin 

28 

Celluloid 

i 

1*4 

Iron (pure) 

787 

Gunmetal 

60-84 

Cork 

*22-*26 

.Brass 

8'4 — 8’7 

Manganin 

8'6 

• 

Glycerine 

1*26 

I 

j Gold 

19 ^2 

Marble 

20-28 

Turpentine 

•87 

! Copper 

8*93 

Quartz 

2 66 

Kerosene 

•80 

1 Silver 

105 

, Saud 

28 - 2 6 

Castor oil 

97 

l 

Platinum 

21 6 

Glass, crown 

24 -26 

Olive oil 

*92 j 

Load 

11 '37 

Sugar 

1*52 

Paraffin oil 

*96 

| 

N iclcel 

8'9 

Alum 

170 

Mustard oil 

12 

I Tin 

7 ‘3 

, Taruffin Wax 

*87- 96 

Petrol 

•71 

I Copper- 


Scaling Wax 

1*8 

Milk 

108 

j Sulphate 

2*1 

Common Salt 

16 




Examples :— 

1. The specific gravity of ice is 0*91S and that of sen-water is 1*03; what ia 
the total volume of on iceberg which floats with 700 cu. yds. exposed ? 

(C. U.—1932) 

A. Let the lot.il volume of the iceberg = V cu. yds. 

Then volume under voter = (V — 700) cu. yds. 

.*. Maid of the iceberg = V X 27 X 0-018 X 02-5 lbs. 

Also innss of sea water displaced = (V — 700) X 27 X 1*03 X 02-5 lbs. 

V X ‘-’7 X 018 X C2-5 t= (V — 700) X 27 X 1-03 X 62-5. 
whence V = 0437-5 cu. yds. 

‘2. Find n mathematical expression for the density of a mixture when the 
densities and the masses of the components are known. 

Calculate the quantity of pure gold in 100 gm. of an alloy of gold and copper 
of density 10. Density of gold = 19 and that of copper = 9. 

(Dac. U.—1930, *32) 

A. Let the masses of the components be tth and m s and their densities be 
p x an«l p 2 respectively. Let the required density of the mixture be p 

Now volume of the mixture = Total volume of the components. 

- + ^- 2 . whence p can be calculated. 

P Pi Pn 

Problem. —Let the quantity of pure gold be x gm.; then quantity of 
copper = (100 — x) gm. ; , 




ART. 119 


SPECIFIC GRAVITY 


199 


Now volume of the alloy — 


100 

10 


and volume of gold — 
and volume of copper = 


x 

19 


ino — t 


100 

1G 


* . _ 10 °—^__ whence x = 83-1*5 gm. 

19"* 0 


3. The densities of three liouids are in the ratio (^e^u^e^h^ ? 

relative densities of the mixture by combm.ng ( ) v . c U.--1954) 

A Let D be the density of the first liquid. Then the densities of the second 
contraction or expansion of the . rc ^ U o of the m i x turc is SV . 

” - VO. .VO - SVD. He.„ - 

the principle of conservation of mass, 

, 5D _ on 

3V p = VD + 2VD + OVD whence p -—= 2I> 

(W I, n be the mass ot each liquid mused together, then the total mass of the 

liquid is 3m and the total volume is 3 ml p . 

m »i , jn 

The volume of individual liquids are ^ ^ ftn yD 

18 

• ??”»—+--+ -- 1 whence P == iT'^' 

• • p D 2D 8D 11 . 

, „ •(!„ frnwitv is 0-25 has another cylinder ot 

4. A cylinder of wood whose spe ^ ^ The cylinders are 2 inches in 

metal (specific gravity 8-0) attac Qrc respectively 20 in. and 1 in. long. If 

diameter, they have the same axis and are respe the surface. 

the whole is placed in water, find how much (X j tk . U.—1053) 

A. Let the height below water be h in. 

Volume of the metal cylinder = * X I X 1 cu. in. = ^ cu - ft ” 

Mass of the metal cylinders 172 g X G2 o X 8 lbs. 

v X 20 . 

Volume of wooden cylinder =st X 1 X 20 cu. m 1728 


* X 20 
1728 


Mass of wooden cylinder — 

Vol. of water displaced =-1 X 1 X /* «“• m = 


— X 02-5 X 0-25 lbs. 


X h 
1728 


cu. ft 


r x /« 


•_ of water displaced X 82 6 lbs. 

SUlc<! ,hc total mass of the cyhnder is equal to the mass of water displaced, we 

Z( -t the equation whence h = 15 m. 

So height above the surface _ (21 - IS) m. _ 8 in. 
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it ran A f ver « raameilt ^ suspected to be hollow. Its weight is 288-75 cm. and 

vol™ JZ “vi*! ° f WaUr - " the *a— - 10-5, find the 

A /n - • U-—1926) 

A, Irue volume of the ornament = 288-75 -r- 10-5 = 27*5 c.c. 

But outer volume of the ornament = 30 c^c. “ 

/. Volume of the cavity =(30 — 27-5) ec. = 2-5 c.c. 

S * rface Tension.— It has already been stated that there 

limiid t 6 k f ° r< r befe . ween u fch ® 8ame kind of molecules of a solid or a 

or a Zio Jd of a i C ;f 8Uch cohesive forces on ^efree surface of a solid- 
mntrn 5 n d f limited mass is to contract the bounding surface, and this 

verv «^-i e f f° r £ 6 18 dlffere “ fc for different substances. Since a liquid can 
ery easily take up any shape, this force of contraction acting along the 

very convenienfcly wifch a liquid aB 8hown 

B and 30 ? m6tal wi . r ® benti fcwice right angle at point® 

OPic lfifii Annth h f® AB and GD are Parallel to each other 

i\f\ : • A ? obber straight piece of thin wire EF which is tied with 

a i T P a 6C6 ° £ fc , br A ead . at the middle point can slide over the parallel 
axrns. A soap solution is made in a vessel and this wire combination 

is dipped into the solution. On taking it out, a soap film is formed 

into toe space BCFE and the wire EF would be found to be moving; 




BG * The_ force with which the wire moves is due to the 

[°^ e . actln6 0 “ tb ? surface of soap solution. To maintain 

in 1 ? rv'rf v % erlain am ° unt of force . although very small, would have 
v - U 1 c :^ r ed ° n tb ° thread outwards. Unless this force is applied the 

V’i' h it m-Yc d gradu ally approach BO and would ultimately coincide 
•V’lto it ai d consequently the film would collapse. The surface nf fch« 

^ vea ? if « *«• - a'L.;; sss ml: 

inm stretched elastio membrane. 

. Z 1 ’ 0 Phenomenon is explained by enppoaing that there is a ey stem 
of foices acting along the surface of a liquid. Let PVOR bn i Y * ^ 
ol the surface of a liquid and let TQ be an imaginary “ 0,0 memt 

it (Fig. 167). At any point of thisline, tber” fretwo Zee?'™ 
opposite and acting at right angles to this line. If wo imamn« * 
length along PQ, the force acting over this unit length is called IL* 
f surface tension. It is to be borne in mind that such fnrnoa r 

lT«“i£ W/ * SUrfaC ‘ ° f ° Uquid ° nlv and 7101 withi » ^ *«“ Irtr 
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Let the force applied along the outward direction just to balance 
the force of surface tension bo T and if the length of the wire EF 
touching the film be l, then remembering that the soap film has got 
two free surfaces, upper and lower, on each of which the surface tension 
is acting, 


T = 2SJ 



...( 120 , 1 ) 


The unit of surface tension i6 of the dimension of a force per unit 
length and may be measured in dynes per centimetre or poundals per 
inch. Phenomena due to surface tension may alternatively be explained 
in terms of potential energy developed when a liquid surface is increas¬ 
ed against the forces of surface tension. Suppose for iustanco that the 
wiie EF is pulled against the force of surface tension through a dis¬ 
tance EG. This pulling should be so slow as not to disturb the tem¬ 
perature of the liquid. The work done to stretch the film surface is 

T x EG. 

T x EG - 2SZ x EG - 2S * area FEGH 
The film surface, because of its two sides, is actually increased by 
twice the area FEGH. Hence work done per unit area is, 

T x EG o 
2 x area EFGH 

So surface tension is numerically equal to the work done to increaso 
the surface area of a liquid by unity under isothermal condition. 
If temperature changes, the force of surface tension would also change. 
The dimension of surface tension has a force divided by a length and 
may be expressed as MLT 2 -*-L — MT *. 


121 Illustrations of Surface Tension. —The following illustra¬ 
tions prove the existence of surface tension of liquid. A round wire 
frame is dipped into a soap solution so as to form a film and a short 
silk thread A with a knot at the ends is placed on the film. The closed 
loop of thread may lie on the film in any manner as shown in fig. 168(a) 
On now touching any portion of the film inside the loop with a 
needle point so as to pierce the surface, this point of the film disappears 
and immediately the loop of thread assumes a round figure B (Fig 1686). 
This is due to the uniform surface tension of the film acting along the 
external boundary lino of the loop 
of thread and for such a system 

of forces, the equilibrium condition g 

lb is always found that small 
drops of rain or due or small lloa- 
ting particles of liquid in air are 

round in shape. Such roundness • 

of shape can be explained in terms 168 

of surface tension in the following 

way. Work must be done to form a liquid surface and consequently 
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some potential energy is associated with the surface of the liquid in 
question. It is a general law that for a stable equilibrium of a sys¬ 
tem, its potential energy would be minimum. Hence a liquid drop 
would assume such a surface as to have minimum potential energy. 
When forces of surface tension acting on the surface of the liquid 
drop are very great as compared to the weight of the liquid, the form 
of the liquid is round ; since for a given volume, the minimum surface 
area is that of a sphere. 

A slightly greased sewing-needle, if carefully placed on the surface 
of water in a vessel, is found to float although it is much heavier than 
water. It can be explained by supposing that due to the surface 
tension the free surface of water behaves aB an elastic membrane. 
Whenever the needle is placed on this membranous surface, the part of 
it below the needle is depressed and consequently the surface as a 
whole is enlarged. The curved portion of the liquid surface below the 
needle in its attempt to straighten out offers a vertical force on the 
needle to support its weight. Spiders and inseots are found to move 
and run on the surface of water without sinking. This is also due to 
the surface of water behaving as an elastic membrane strong enough 
to support the insects. 

If a soap-bubble, blown at the end of a pipe, be allowed to stand, 
it gradually shrinks in volume. This shows that the surface tension 
tends to reduce the liquid surface to a minimum. If a camel-hair 
brush is dipped in water, the individual hairs project in different 
directions ; but when taken out of water, the hairs are held together 
as is coated by a membrane. When the cohesive forces between the 
molecules of the liquid ure less than the adhesive forces between the 
moleculc-s of the liquid and the 6olid, the liquid wets the solid e.0., 
water in contact with glass. But if the case is reverse, the liquid does 
not wet the soild ; e.g., mercury in contact with glass. Mercury 
sprinkled on a glass plate collects into small spherical drops, while 
water would spread out over the glass surface. If two glass rods are 
introduced in water and mercury, then after withdrawal, the former 
i3 found to be moist while the luttor is dry. 

*122. Various Surfaces in Contact.—When there are various 
surfaces in contact, for example when a liquid is in contact with a solid 
in air, there are three surface tensions to be considered. Let a quantity 
of liquid rest on a solid surface in contact with air (Fig. 169). Let 



Fig. 109 


Fig. 170 



the point O be the junction of three surfaces. Let S x be the surface 
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tension between the liquid and air surfaces acting tangentially at the 
point of contact. If 0 be the angle between tangent plane and the 
solid surface, it is called the angle of contact of the liquid and the solid 
surfaces. Let S a and S 8 represent surface tensions between the liquid 
and the solid and between the solid and air respectively. The three 
surface tensions tend to make the air-liquid, liquid-solid and air-solid 
surfaces as small as possible and the form assumed by the liquid under 
these circumstances depends on the values of these three surface 
tensions. The condition of stability of the shape of the liquid mass 
is that the potential energy due to these three factors and gravitational 
forces on the mass shall be a minimum. 


The effect of surface tensions between liquid and air and that 
between liquid and solid tend to cause the liquid to form a drop , 
while the surface tension between solid and air together with the 
gravitational forces tend to cause the liquid to form a tilm on the solid 
surface For a very small drop on a solid surface, tho effect of gravita¬ 
tional forces rnay be neglected in comparison to the forces due to 
surface tension. In such a case when the drop is in equilibrium state, 
the horizontal component of together with S 3 and b 3 must vanish. 


Hence S 8 - S» “ S t cos 0-0 or, S 8 ~ S 2 -S x cos 0 ... (122,1) 

If S 8 is larger than S* as is the case with a liquid adhering to a 
solid, 0 would be such that S t cos 0 would contribute in the direction 
of S 9 , in proportion to the amount of adhering or wotting property. 
This is shown in tig. 161. which represents a water drop on a glass 
surface. If S 8 is less than S* as is tho case when liquid does not 
adhere to the solid. S t and 0 would contribute m the direction o b B 
for equilibrium. This is shown in fig. 170, which represents a drop 

of mercury on glass surface. 

123. Capillarity.—If glass tube of a fine bore, callod a capillary 
tube (from Lat. capillus, a hair) is dipped vertically in any liquid, then 
the surface of the liquid inside and outsido the tube are found not to be 
in tho same horizontal plane. In the case where the liquid wets tho 
walls of the tube, the liquid surface in contact with the outside is 
slightly raised, while the surface of the liquid inside the tube is raised 
a little above tho free surface, being concave outwards, as at A B in 
fig. I7l(i). Another tube of a narrower bore is dipped in to the liquid, 

the level inside is still higher 
as shown at C. In tho case 
whore the liquid does not wet 
the tube eg., mercury, the 
liquid surface in contact with 
the outside of the tube is some¬ 
what depressed, while that 
within the tube is a little below 
the free surface, being convex 

ThesTpbon^mena^rf due to wbat is known as capillarity or capillary 
action for they are well marked in tubes of narrow boro. 








(i) Fig. 171—Capillary Action (ii) 
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Ascension and Depression of Liquids. —"When a glass tube is 
dipped in water, various surface tensions act at any point along the 
line of contact of water, air and glass. The resultant effect of these 
surface forces at any point acts parallel to the surface of the glass 
tube and at right angles to the line of contact. The net effect of theBe 
forces i6 a pull in the upward direction over the line of contact of 
glass and water. As a result the edges of the liquid are raised and 
the liquid surface within the tube is enlarged. Due to surface tension, 
free liquid surface tends to reduce its area as much as possible. Hence 
tho concave surface of a liquid within the tube tends to straighten,. 
But as soon as it does so, it rises higher in the tube. Thus the liquid 
continues to rise up in the tube until this tendency of the surface to 
oontract is balanced by the weight of the liquid column. The narrower 
is the tube, the less is the weight of a column of the liquid and so the 
greater must be the corresponding height. In the case of a liquid 
which does not wet the tube, the effect of various surface tensions 
acting over the line of contact is a pull in a downward direction. 
Hence the liquid column must continue to fall, till the tendency to go 
down is balanced by upward liquid thrust over the section of the tube. 

Laws of Capillarity.—The laws of capillarity, as experimentally 

established, may be summarised as below.— 

U) When a capillary tube is dipped into a liquid, the liquid rises 
or ie depressed in the tube, according as it does or does not wet the 
material of she tube. 

IT ii elevation or the depression of the liquid in the tube is 

inversely proportional to the radius of the tube at the place of contact. 
This is known as Jurin’s law of capillarity. If r is the radius of the 
interna! boro at the level of the liquid and h is the height i.e., the 
difference of the level from tho free surface 7i~ 1 r or rh is a constant. 

f ui) The height is also dependent on tho nature of the liquid, the 
medium anove the free surface of the liquid and decreases as the tem¬ 
perature of the liquid rises. 


Illustrations of Capillarity—The rise of sap in plants, of oil in 
wioK s of oil lamps or molten wax in those of caudles, the retention of 
W i Piece of spouze, the rise or flowing down of ink in the 
n y,rrow -Jore of a pen, soaking up of ink by blotting paper, the wetting 
° ;ov ' e} wituoneend dipping in water, etc. are due to capillary 


.21. Determination of Surface Tension—From an observation 
° nee of liquidI in a capillary tube, the value of the surface tension 

Le, if,,T”’ , W ‘T r fl« ct , to and glass may be determined. 
. , e t l0 height of the liquid column within a vertical capillary 
ube, as shown in fig. 172. Ur he the radius of the capillary tube! 

the n iinu?l 8bt l° f th M llQUld , CoIumn 13 nr * h PQ where P is the density of 
ie liquid and g is tho acceleration due to gravity. 
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Since the angle of contact between water and gUssTsurfaco is 0°, 
the force of surface tension of water iucontact with 
glass and air acts parallel to the glass walls. The 
surface tension S acts over a circular contour line of . __ J 

length 2*r. Hence the total force of surface tension 2g + 

is 2*rS. Thus for equilibrium. || | 

rhpq T Em • 

2nrS *= nr*hpg , whence S "- 9 — m .1 

J 1 1 
A small correction of the weight of the column may 1 

be made by considering the hemispherical liquid surface J 1 

with the capillary tube. With a given liquid, place of j.jS I 

experiment and temperature. S, pa ndg are constants. iV . 

Thus r * h is constant, which proves the truth of ^ jj 

Jurin’s law. 

*125. Molecular Theory of Surface Tension.— l* - f 4 *N8M 
The phenomena of surface tension are due to the 
force of molecular attraction. A molecule can exert 
its attractive influence upto some distance from it in any direction. 
If there he one or more molecules within this range from this 
particular molecule, there would bo attraction between them. If 
this range of influence ho r. and if a sphere bo drawn with centre 
as the molecule and r as radius, then the sphere drawn is called the 
sphere of molecular influence. In tig. 173. A, 13 and C represent three 
molecules of a liquid and circles round them are the spheres of influ¬ 
ence • MN is the free surface of the liquid. Now if any molecule lies 
within thie imaginary sphere, it would attract the central molecule. 


Fig. 172 


When a molecule lies within the body of a substance, such that 
the sphere of influence is fully covered by the molecules, as at A the 
pull on the central molecule is equal in all directions producing 
an equilibrium. Hence there is no resultant force of molecular attrac¬ 
tion on this molecule (Fig. 173) and tho molecule within a liquid 
is free to move in any direction without doing any work, so long 
as its sphere of influence iB filled up completely with molecules, 

Now suppose that a molecule is approaching tho surface MN of the 
liquid from the interior. At a certain position of a molecule as at B a por¬ 
tion of top part of the sphere of influence is projected above the liquid 

surface, and this portion contains 
no liquid molecules to attract 
the molecule at tho centre. Tho 
lower half of the imaginary sphere 
now contains more liquid molecu¬ 
les than the upper half. Hence 
there would bo a resultant pull on 
the central molecule in tho verti¬ 
cally downwards direction. When 
Fig. 178 a molecule is on tho surface as 

at 0 , all the attracting molecules lie within the lower hall of the 
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sphere, and consequently there is the maximum pull on the mole¬ 
cule towards the interior cf the liquid. Hence all molecules on or very 
near the surface tend to go to the interior of the liquid by the attractive 
forces and thus the surface area tends to diminish. An increase in sur¬ 
face area of a liquid is equivalent to forcing fresh molecules to rise up 
to the surface from the interior. The larger is the fresh surface made, 
the more would be the work done. Let S ergs be the amount of 
work done to increase the surface by 1 sq. cm. Then S is the poten¬ 
tial energy per unit area of the surface. The same result may be 
arrived at if we assume a force of S dynes to act per centimetre length 
of the liquid surface. Then on dragging this line parallel to itself 
through 1 cm., S ergs of work are done and this is stored up as poten¬ 
tial energy of the surface. This contractile force on the liquid surface 
produces the force of surface tension The surface tension depends 
upon the medium which lies in contact with the free surface of a liquid. 
Such a contractile force is also preeent along the free surface of a solid 
body, although there is no flow of molecules within it. 

EVANGELISTA TORRICELLI (1608—1647) 

Torricelli was born at Faenza, Italy, on October 15, 1608, From 
his childhood ho showed remarkable talents in scientific matters. At 
the age of nineteen he was sent to Rome as a student of Castelli, 
a favourite pupil of Galileo Castelli was then engaged with some 
work in hydraulics and Torricelli took up the matter and wrote 
some papers on ‘Fluids in Motion”. These papers were the fore¬ 
runners of what is nowadays known as the branch of Hydro-dynamics. 
Ho then went to Galileo and worked under him for some time during- 
whicb period the great scientist died. 

Gulileo observed that water rises about 32 feet in an evaouated 
tube but it was Torricelli who explained successfully that it is the 
pressure of the atmosphere which forces the water into the tube to 
-bat extent. He then employed mercury instead of water and showed 
that the given height of mercury in a tube devoid of air exert 3 the 
same pressure at the base as an equivalent column of water under 
the some condition. Thus with a student named Viviani he cons¬ 
tructed the first mercurial barometer in 1643. He died a premature- 
death on October, 25, 1647. 


siinimnrv 

Hie Specific Gravity of a substance is the ratio of the weight of any volume 
of the substance to the weight of an equal volume of some standard substance. It 
is a mere number. 

The Sp. Gr. of solids can be determined by (i) hydrostatic balance. (n> 
Nicholson's hydronuter, {Hi) Specific gravity bottle. 
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The Sp Gr of liquids can be determined by (») Hydrostatic balance. (»») 
Nicholson's hydrometer, ( iH) Specific gravity bottle. ( iv ) Hare’s apparatus and 
(v) U-tube. 

Surface Tension is defined to be the force acting on the surface of a liquid 
per unit length in any direction parallel to the surface. 


Exercises on Chapter X 


1. Distinguish between density and specific gravity. 

(E. I*. U.—1951 ; Ulk. U.—1919 ; C. U.—193(5; Dnc. 1910. ’42) 

2 A mixture is made of 7 c.c. of a liquid, specific gravity 1-85 
and 5 c.c. of water. The specific gravity of mixture is found to be 
1*615. Determine the amount of contraction. (C. U. 19,7> 


A. 0*89 c.c. 

3. Two bodies are in equilibrium when suspended in water from 
the arms of a balance. The mass of one body is 28 gm. and its density 
Ls 6*6 gm./c.c. If the mass of the other body is SO gin. what is its 
. .. (L/ac. U.— l\)*x) 

density r 


A. 2*77 gm./cc. 

4 A piece of alloy consisting of gold and silver weighs 20 gm 
in air'and 18*7 gm. in water. How much gold is there ,n the mix ure 
(Sp. gr. of gold = 19*3; of silver = 10-5;. (C. U.—1J30) 


A. 13*93 gm. approx. 

5 . A body weighs 121-5 gm. in air, 100-11 gm. in one liquid 
and 102-35 gm. in another. Find the apparent weight of the body in 
a mixture formed by equal volume of tlic two liquids. 


A. 107-73 gm. 

6. 1 c.c. of lead (sp. 

are fixed together. Show 
in wuter. 


gr. 11-4) and 21 cc. of wood (sp. gr. 0-5) 
whether the combination will float or sink 

(C. U.—1933) 


A. The combination floats with -1 c.c. above water. 


7. A piece of lead of density 11-2 when attached to a piece of 
wax of volume 90 c.c. and density 0-88 appears to have no weight 
when the two together are immersed in a liquid of density 1-2. Find 
the volume of the piece of leud. 


A. 2-88 c.c. 

8. A Nicholson's hydrometer requires 10-84 gm. on the upper 
pan to sink it in water upto the mark. It requires 4-00 gm. und 
9-71 gm. on upper pan when a piece of glass is placed respectively 
on the upper and the lower pan. Find the specific gravity of glass. 


A. 2-5. c 

0. A piece of wax of volume 22 c.c. floats in watejr wflli 2 c.c. 
above the surface, find the weight and the specific gravity of the wax. 

A. 20 gm.; 0-9. 


Reference 
Art. 117 

Art. 117 

Art. 117 

Art. 117 

Art. 117 

Art. 117 

Art. 117 

Art. 171 

Art. 117 
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Ait. 117 

Art. 118 

Art. 118 
Art. J 18 

Art. 119 

Art. 119 

Alt. 116 
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10. Describe in detail how the specific gravity of a solid soluble 
in water can be actually determined. 

(Pat. U.—1952; C. U.—1920; Of. And. TL—1952) 

11. Describe fully an experimental method of measuring density 
of powdered sugar. Show the calculations clearly. (R. P. B.—1948) 

12. A specific gravity bottle weighs 12*64 gm. when empty and 
61*54 gm. when some pieces of iron are put into it. On being filled 
up with water, the bottle weighs 80*02 gm. When the bottle is filled 
with water only, it is found to weigh 37*6 gm. Find the specific 
gravity of iron. 

A. 7*54. 

13. A specific gravity bottle weighs 16*59 gm. when empty, 26*69 
gm. when some quantity of salt is put into it. The bottle is then 
filled with kerosene oil and weighs 42*77 gm. The salt is now thrown 
out and the bottle is completely filled with kerosene oil, when it weighs 
36*59 gm. If the specific gravity of kerosene oil be 0*8, find the sp. gr. 
of salt. 

A. 2*08. 

14. Describe any method of measuring specific gravity of a 

substance lighter than and insoluble in water. (Utk. U.—1949) 

15. IIow would you proceed to find out the sp. gr. of (*) a 
solution of copper sulphate, (it) a solid crystal of copper sulphate ? 
Find the ep. gr. of a solid from the following data;— 

Weight of solid in air = 0*4 gm. 

Weight of sinker in air = 4*0 gm. 

Weight of solid and sinker in water = 3*37 gm. 

Sp. gr. sinker = 8*00. (Dac. U.—1934) 

A. 0*75. 

16. Describe a Nicholson’s hydrometer and explain how you would 
determine the specific gravity of liquid with its help. 

(Pat. U.—1953 ; C. U.—1943 ; ’48 ; R. P. B.—1951) 

17. A Nicholson's hydrometer sinks to a .certain mark in liquid 

of sp. gr. 0*0; but it takes 120 grammes to sink it to the same mark 
in water. What is the weight of the hydrometer ? (C. U.—1948) 

A. 180 

IS. Explain the principle of a Nicholson’s hydrometer. How would 
you use it for finding out relative density of cork. 

(R. P. B.— 1946, '48 Cf. Anna. U.— 1951 ; Cf. E. P. U—1953) 

19. Describe n constant weight hydrometer and explain how would 
you construct and ;e it to measure the specific gravity of a liquid. 

tGau. U.—1953 ; C. U.— 1954, Cf. Utk. U.—1953) 

20. A glass tube SO cm. long and ■* sq. cm. in cross-section is 

closed at one end : its weight is 4 gm. and 10 gm. of mercury are poured 
into it. What will be the sp. gr. of a liquid in which it floats vertically 
with 2 cm. length of its stem above the surface ? (P. U.—1926) 

A. 1. 
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21. Explain how a test lube float may be used as a variable 
immersion hydrometer to determine the relative density of a solid. 

(Anna. U.—19.50; And. U.—19.52) 

22. The stem of a common hydrometer is cylindrical and the range 

of the instrument is from 1-0 to 1*23. Find the specific gravity of a 
liquid in which the instrument floats with one-fourth of its stem 
exposed. (Anna. U.—19.50) 

A. 10.5. 

23. The densities corresponding to the lowest and highest divisions 
on the stem of a hydrometer are 2 units an.I I unit respectively. What 
is the density corresponding to the middle of the stem ? 

(Anna. U.—19.51) 


A. Ij units. 


21. A specific gravity bottle 
39• 71 grams when filled with water, 
a solution of common salt. What is 


weighs 11-72 grams when empty, 
ami 41- 1.5 grams when filled with 
the specific grav ity of the solution ? 

(C. IT.—1934) 


A. 117. 

2.5. The lower ends of two vertical tubes, whose ero-s-seetion arc 
1 sq. in and 0• 1 sq. in respectively are connected by a tube. '1 lie tubes 
contain mercury. IIow much water in ounce must be poured in one to 
raise the level of mercury in the narrower tube by I inch ? 1 cu. ft. of 
water weighs 1000 ox. and density of mercury — I3-(> gin./c.c. 

(I'tk. U.—10.52) 

A. 113-3 ox. 

2fi. Write a short note on lactometer (I’tk. U.—19.52) 

27. A U-tube contains some mercury at the bottom. Water is 
poured into one limb and oil into the other. When the heights of the 
columns are respectively 7-0 cm. and 9-.5 cm. the mercury stands at 
the same level in both the limbs. Find the density of the oil 

A. 0-8 gm./c.e. 

28. A hollow stopper made of glass of density 2-(J gm./c.e. is 
found to weigh 23*4 gm. in and owl only 3-9 gm. in water. What is 
th; volume of the :.ir in the internal cavity of the stopper? 

(Utk. U.—19.52) 

A. 10-5 c.c. 

29. Describe and indicate the use of a Ilnrc’s apparatus. 

(C. U.—1913. ’49, Cf. Anna. U.—19.51, Mad. U.—19.50) 

. 30 . Explain with illustration the phenomena of surface tension 
Describe an experiment to find the surface tension of a liquid. 

(And. U.—19.51 ; Cf. E. I*. U.—1952) 

31. What do you understand by the term ‘surface tension* of a 
liquid p Ifow do you account for it ? Describe some simple experi¬ 
ments to demonstrate its effects. 

(P. U—19.52; Cf. E. I*. U.—19.53) 


Reference 

Art. 119 


Art. 119 


Art. 119 


Art 119 


Art. 119 


Art. 1 19 


Art. 118 


Art. 119 

Art. 120 


Art. 120 


q-u 



CHAPTER XI 


PROPERTIES OF GASES 

*26. Gases and Liquids—As already mentioned, gases have 

termed Lids' ?? Tt" 9 ? 0 ^ ith Uquida and both are 

citTof volume w . h . ka hqu,da exert P re3su re and possess elasti- 

asl MOhtf a”' P9 J gas d ° 08 not PO33033 surface 
arevorv comnrflcaiw other hand, gases being mueh lighter than liquids. 

sfon Anv vnhf b ’ e f a “ hav6 got the P^Porty of indefinite expan- 

weight cm be v, a *i aS p ?, 3S63seB weight. The fact that air has 

Otto Von Guericke in 1650. 8 f ° llowlng BX Per“uent. 6rst undertaken by 

dsd^aZS gl0b6 .’ ? b ° Ut 3 to 4 inohes in diameter and provi- 
evL,Tted a st °P P°ak, is taken. By means of air pump the globe is 

evaouated as much as possible and the stop-cook is oIosed P The globe 

“rTetaLr;^;' ba , u r e - Th ° .top-iSku-thr^Sa 

and air ie-admitted into the globe. On weighing the globe again 

evidtntlv”'d ° m ieavi . er * T,ie difference between the two weights 
e idenUy gives the weight of the air admitted into the globe. The 

that :.r G ^s m , 8 o D L c r«; e i g {:? rfor,ned ' vith any ° tber gaa ' which 

127. 1 pressure of air : Atmospheric Pressure.—The air is 

th H ° U / eW Rtl9 f a ' mainly of ox Vgen and nitrogen. It envelopes 
the earth 'This^euveln" 1 ; “ ,?Tfu " a a* 6 height from the surface of 

i;t h b S35S 

weight This pressure in S n ^ 3ubjected fco a pressure due their 
dentlv thiq S ! Ir 8 uallQ d the atmospheric pressure. Evi- 

as we mo-.'-e higher 0 ‘ Forthw^in 6 ^ °! tho eartb and docrea8ea 

points on the same horivlntl. , CaSQ .°* i" ab resfc fche P««aure at all 
are compressed to different 19 the same. As different layers 

the lowest one being denTest 661 * P ° 88e9S differeDb deQaitiea * 

the foHnwfnr 6HCC ° f th * a - tmos P h * ric pressure can bo demonstrated by 
the V ^ r a glass tumbler filled with water to 

t"rtp^rr P rru« Uy „rr ed 't tho r ter d °" not “teinXt 

tha -Aboard supports t°ho ° f 

ward a aPr Thalav e 7nr ty M ° watar ™»‘h down- 

that outside Th s s d„a° r to n th l T 19 , f ° UD<3 ‘° ba lower than 

sses the level of water inside ^ 6nC '° 3Bd “ ir Whi ° h dapra - 
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Tie a piece of thin rubber sheet R air tight over a stout glass cylin¬ 
der G open at both ends (Fig. 174 ). Place the other end on the plate B 
of an air pump, after having it well greased. 

Now evacuate the air gradually from inside the 
cylinder. The rubber sheet is depressed more 
and more and finally it bursts with a loud 
report. This is due to the fact that when air is 
taken out, the inside pressure falls and the 
pressure of the outside air depresses the rubber 
sheet which ultimately bursts when this pres¬ 
sure becomes too much. If the upper end of 
the cylinder is pressed by the palm of the hand 
in place of the rubber sheet, then on working 
the pump, the pressure of the air can bo felt. 

When the exhaustion has proceeded far, the 
hand is pressed so much that it is matter of effort to lift it up at this 



Fig. 174 


stage. , . . . 

Take a toy rubber balloon partially filled with mr ; tie its mouth 

with a string and put it under the receiver of an air pump. On working 

the pump, the balloon gradually 
swells up and may burst, if the recei¬ 
ver is sufficiently evacuated (Fig. 175 
a). Now re-admit air in the receiver, 
when the balloon again collapses to 
its original form. When the receiver 
is full of air the air inside tho balloon 
exerts pressure on tho wall, which is 
balanced by the pressure of air within 
the receiver ; but when tho receiver is gradualy evacuated, tho outside 
pressure decreases, the pressure inside the balloon becomes greater and 

so it swells up. 

Take two bottles A and B connected together by a bent tube as 
shown in (175 b). One contains some liquid and is provided with an air - 
tight stopper ; through which end of tho glass tube in this bottle dips 
inside the liquid. Tho tube within the other bottle passes very loosely, 
so that the inside of this bottle is an communication with tho outside 
air. Put the two bottles under the receiver of an air pump and 
gradually evacuate. It will bo found that tho liquid flows from the 
closed bottle to the open ono through tho bent tube. This happens 
because when the receiver is evacuated, tho pressure of air within the 
open bottle falls and hence tho enclosed air within tho closed bottle 
which has now a higher pressure, forces the liquid through tho tube. 



Magdeburg Hemispheres Experiment.—The existence of atmos¬ 
pheric pressure was demonstrated with brass hemispheres by Otto 
Von Guericke in 1654. Tho apparatus consists of two hollow brass 
hemispheres (Fig. 176), whoso edges are eo ground that they fit each 
other exactly. One of these is provided with a handle and tho other 
with a stop-cock, with a handle screwed to the latter. Tho edges of 
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the hemispheres are well-greased and put together so that they fit 
air tight. The air from inside is then exhausted. A very great force 
is now required to separate the hemispheres. 



Fig. 176—Magdeburg Hemispheres 
cutting air the hemispheres can be 


When there is air inside, 
the internal pressure balances 
the external pressure ; but when 
the air from inside is removed 
the atmospheric air presses the 
hemispheres from all sides and 
keeps them very tightly pressed 
against each other. On re-ad- 
easily separated. 


128. Rise of Liquid in an Exhausted Tube_When the lower 

end of an open tube is dipped into a liquid and the air is sucked out at 
the upper end. the liquid rises up the tube. Similarly water rises' up 
in a syringe or in a pump as the piston is pushed up. All these facts 
were formerly explamod by saying that nature abhors vacuum. It was 
round afterwards that water rises only to a height of about 30 ft. and 
not to any height as conceived before. The explanation was given by 1 
Torricelli that the rise of the liquid is due to the pressure of the 
n.rnospheros. Ho then argued that a heavier liquid should consequent¬ 
ly rise to a smaller height and that the height for a particular liquid 
would c.-augo with a change of atmospheric pressure. To verify these 
.acts, Toiricolli in J 6-1.1, devised an experiment which goes bv 
his name. 13 J 


Torricelli’s Experiment.-Take a thick-walled glass tube, about 
a metre long and closed at one eud. Fill it completely with pure dry 

mercury -iking care that no all- bubble sticks to tbe inside of the 
ube Now close the open end tightly with the thumb and invert the 

™ nT' a, ) .e m81n D contal “'ng pure dry mercury so that the 

tl nmh ?> the mercury surface (Fig. 177 ). On removing tbe 

sCtionerv Vt ;:n K mn v. 8mb ^u d0WD “me extent but remains 

emtionaiy at a certain height. The height of this level above the 

m.tcury sutfacs in the basin is found to be nearly 76 cm. 

tto r ar T y 8ur u ta T in tlle basin is subjected to 

aiV dir-fi -m. >1- tQ , ,OSpL6ro wh, °b 18 transmitted undiminished in 

- -bo r n Vr , C H P, r8Ssm ' a du8 the mercury column in the 

y J ... a point iu level with the outside surface, is due to the weight 

.1 c t ® ot eaual *° ‘be vertical distance betwfen 

. . . , f B “ rf «ces. As tno mercury column is in equilibrium, 

i t ;;l pce r^ r ° 3 b f a v ! anc t other must therefore be equal in 
;■ ie , eil0 ° th ° atmospheric pressure maintains the weight of 

. U meicuti column. Tf an opening be made at the top of the tube the 

and fltf hr ? reS9Ure Ti U,d alS ° act UP ° D the merour y inside the tube 

d ° WD the l0vel of mercup y in the basin. 

rolumnof mere urn ?" ssur ‘ is equal to the pressure due to a 

cj.umn o/ mercury 7o cm. m height . 
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The space within the tube above the mercury surface contains no air 
and is usually referred to as Torricellian 
vacuum. Really however, the space contains 
some mercury vapour and is not a perfect 
vacuum. But as the pressure due to mercury 
vapour at the ordinary temperature is extre¬ 
mely small, its pressure may practically be neg¬ 
lected. 

The atmospheric pressure is given by the 
vertical height of the mercury column. If the 
tube is slowly inclined (Fig. 177). it is found 
that the space above mercury column gradually 
decreases but the vortical height measured from 
the mercury surface in the basin remains the 
same. When the tube is sufficiently inclined, the mercury strikes the 
top of the tube with a smart metallic sound, showing that there is no 
air inside. The height of the mercury column changes from time to 
time and also at different places, which shows that the atmospheric 

pressure is r.ot constant. 



Fig. 177 


If there is a change of pressure above the free surface of mercury, 
the height of the mercury column is found also to change. Place 
the basin under the receiver of an air pump while the tube passes 
through an air-tight rubber cork fitted to the open top of the receiver. 
As the pump is worked, the level of the mercury column gradually 
sinks down. On re-admitting air into the receiver, the mercury column 
gradually rises to its original lovol in the tube. 


Take the tube as in fig. 177 and raise it gradually with the open end 
always under mercury. The space above mercury increases, but the 
height of the mercury column measured from the surface of mercury 
in the basin remains the same. Lf a very deep cistern is taken and the 
tube is gradually pushed in it, the space above mercury decreases but 
tho height of the mercury column above the outside surfaco remains 
the same. Tho mercury ultimately touches tho top of the tube and if 
the latter is pushed further down, the tube remains always filled with 
mercury. Tho height of tho mercury column will not remain the same, 
if the space above mercury contains air or any other gas. 


Pascal’s Experiment.— Pascal suggested that since the atmos¬ 
pheric pressure decreases as wo go up, the height of tho mercury column 
would also decrease accordingly. In 1648, Perrier wont up to the top 
of Puy-de-Domo, a mouutatu in France about 1000 metres in height 
and found that tho mercury column actually came down through 8 cm. 
It was also found that with different liquids, columns stood at different 

heights. 

129. Magnitude of the Atmospheric Pressure.—Sinco the 
pressure of the atmosphere supports a column of mercury, 76 cm. in 
height, the atmospheric prossuro per sq. cm. is equal to tho weight of a 




214 


INTERMEDIATE PHYSIOS 


CHAP, tt 


column of mercury of 1 aq. cm. in cross-section and of 76 cm. in height. 
Taking the mean value of g to be 981 and density of meroury as 13*6, 
the atmospheric pressure per sq. cm. 

" wt. of 76 o.o. of mercury = 76 * 13*6 gm. wt. 

D 76 x 13*6 x 981 dynes = 1,013,961 dynes. 

So the atmospheric pressure is approximately equal to one million 
dynes or 10® dynes per sq. cm. 

Expressed in F. P. S. units, atmospheric pressure per sq. inch — wt. 
of a column of mercury 30 inches in height and 1 sq. inch in cross- 
section ■=» wt. of 30 cu. inches of mercury. 

Q 30 x 13*6 x J—g-14 8 lbs. wt. = 14*8 x 32 - 473*6 poundals. 

Hence the average atmospheric pressure is approximately equal to 
15 lbs. wt. per sq. inch or nearly one ton per sq. ft. When any gas 
or liquid exerts an equivalent pressure, the pressure is often mentioned 
as that of one atmosphere. 

The height of water column supported by atmospheric pressure 
*" 30 x 13 6 iu. *= 34 ft. nearly. 

Similarly with glycerine of density 1*29, the height of the liquid 
column — (34 1*29) = 27 ft. nearly. 

Normal or Standard Atmospheric Pressure.—The normal or 
standard atmospheric pressure is defined as the pressure exerted by 
column of mercury, 76 cm. in height, and of density 13*5951 gm./c.o. 
subject to the gravitational acceleration of 980*665 cm./6ec a . This is 
taken to be the standard with which other pressure may be compared. 

Hence standard atmospheric pressure 

76 x 13 5951 x 980 665 ■=■ 1,013,250 dynes per sq. om. 

In meteorology, a pressure of one million dynes per sq. cm. is called 
a bar. This is also equivalent to a pressure of 29*52 inches of 
morcurv. One millionth part of a bar is called a millibar. The standard 
atmospheric pressure is thus equal to 1013*25 millibars. 

Pressure on the human body. — Taking the total area of the body of 
a man of middle bizo to be about 16 sq. ft. the pressure on the body 
amounts to (15 x 12 x 13 x 16 ) lb 8 . or over 15 fc OU8 It is very 

surprising to think bow a human being can withstand such an enormous 
tnrust Without least discomfort while it is absurd for him even to carry 
a load oi one ton 1 The explanation is not difficult to find, for there 

ace openings and innumerable pores on the skin of the body, through 

which air goes within the system and there is a free communication 
between iuside and outside. The pressure of air inside counter¬ 
balances the pressure outside and consequently just us a lump of cotton 
in air can fiy about safely without being squeezed by atmospheric 
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pressure, any fine part of a human system is equally safe. The 
pressure of blood within veins is matched against the outside atmos¬ 
pheric pressure. But if the outside pressure considerably alters, for 
example in climbing up high altitudes or in diving under sea, precautions 
should be taken to compensate for the difference of pressures inside and 

outside. 

130. Barometers.— A barometer is an instrument for measuring 
the pressure of the atmosphere at any time in terms of the height of 
the liquid column (Gk. Baras- weight). Mercurial barometers are of 
two types—(i) Cistern barometer, and («) Siphon barometer. There 
is another type of barometer, called Aneroid barometer, in which no 

liquid is used. 

Cistern Barometer.—An evacuated tube standing vertically on a 

cistern of mercury constitutes a very simple form of cistern barometer. 

The height of the mercury column measured from the mercuiy surface 

iu the cistern measures the atmospheric pressure at the time. When 

the atmospheric pressure changes, the height of the mercury column in 

the Tube and consequently the level of mercury in the cistern also 

changes Hence a scale cannot be permanently hxed with its zero 
changes. mercury surfaco in the cistern. To get an 

mark in pressure therefore, either the scale should be 

3 : Z ^ "throve. o( mercury in the cistern must 

necessarily be kept the same. The latter cond.t.on ts attamed ,n a 

type of barometer, as given below. 

Fortin’s Barometer. -This is most convenient and accurate form 
Ot mercurial barometer of the c,stern type and ts therefore widely used 
?! r rm«iftts of a barometer tube which is completely filled 

“itTpu ra% mercury wtth no air bubble st.cking to the inside, (Fig. 

H and is inverted over a cistern of mercury called the reservoir . 
The mercury stands at a certain height depending on the atmospheric 
pressure. The upper part of the reservoir consists of a glass cyhnder 
A (Fig. 179) which allows the mercury surface to be seen ; the cylinder 
iB fitted at its lower end into a box-wood cylinder B. which is surrounded 
by a brass case. The lower end of B, is closed by a PJfce °f flexible 
leather which thus forms the true base of the cistern. The leather base 
ia provided with a wooden bottom C at the lower surface. A screw b 
pusses through the bottom of the cistern and presses against C By 

turning the screw, the bottom can be raised or lowered, so that the 

level of mercury of the reservoir can be altered at will. The upper end 
of the cistern is closed by a strip of leather through the pores of which 
communication is maintained with the external air and thus the 
atmospheric pressure is transmitted to the inside. A small ivory 
pointer P (Fig. 179) is fixed vertically to the lid of tlio cistern, such that 
^ the same horizontal plane as tho zero of 


is in 


its lower tip 
the scale 

The barometer tube is of larger bore at the upper side to avoid the 
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effect of the surface tension and is drawn to a small opening at the 

lower end to reduce any oscillation which 
may be set up in the mercury column during 
adjustment ; the tube may be constricted 
some way above the lower end. The baro¬ 
meter tube is enclosed within a long brass 
tube. In the upper part of this tube, two 
wide vertical slits are cut, diametrically 
opposite to each other, so that the upper 
level of mercury may be seen through them. 

The scale , S (Pig. 178) to be used is 
engraved on the brass tube along the edges 
of the front slit, one edge being graduated in 
centimetres and the other in inches. The 
scales are not continued throughout the length 
of the case but are usually graduated from 
about 27 to 32 inches and 63 to 80 cm., the 
zero of each corresponding to the tip of the pointer. A 
brass vernier scale V can bo moved up and down in the 
front slit by rack and pinion arrangement, worked by the 
screw H. A plane piece of brass joined to the vernier 
piece moves inside the back slit, being worked by the 
same screw. Tlie lower edges of the two pieces are 
exactly in the same horizontal plane in all positions. To 
know the atmospheric temperature, a thermometer T is 
fixed to the lower part of the brass case. The barometer 
is attached to a wooden board which may be hung with¬ 
in a ca3o or against the wall of the room. 

To read the barometer the instrument is at first made 
vertical. The screw S is then worked until the mercury 
surface in the cistern just touches the tip of the ivory 
pointer. The adjustment is correct when the tip of the 
ivory pointer appears just to touch its imago on the clean 
mercury surface. The vernier scale is then moved until 
the lower edge appears to be tangential to the curved 
me re uty surface in the tube. To facilitate this adjust¬ 
ment, a piece of milk glass is usually fitted to the baok 
board of the instrument. Keeping the eye in level with 
the mercury surface, the vernier scale is moved until 
he pJ'-cc of white glass is just cut off from view. When the adjust- 
>s complete, the reading is taken from the scal6 and the vernier, 
accurate determination of the pressure, a temperature correction 
^he reading is necessary. (For details vide Heat. Art. 29 & 

• . Gbafcterjee’s Intermediate Practical Physics). 

1*1. Siphon Barometer.—This is more 
table than a simple cistern barometer. It has no 
Simply of a U-shaped tube having unequal limbs, 
v ISO) is closed at tho top and *- nr 



Fig. 


rp 


•~ 7 » 

For 


of 


is 


convenient and por- 
cistern but consists 
The longer limb AB 
about 90 cm. long, while the 
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shorter limb CD is open to the atmosphere. The space above mercury 
column within the limb AB is vacuous and the mercury column in CD 



Fig. 181 


Fig. 182 


Fig. 180 

* pressure. The difference of mercury 

is exposed to the -tmosphc.rw beight . 

levels in the w0 mercury surface at C, the limb CD is very nearly 
To protect tbe sma n opening at D through which communica- 
closed, leaving a v-y . 8pboro j 8 maintained. To prevent tho 
tion with the . eX r0 ” ijmb AB when the instrument is inclined, the 
entrance of air into U-tube of very narrow boro, as shown in tho 

two limbs are joine fixed on a wooden board and a scalo is 

figuro. The lD £ against each of tho two limbs to read tho differ- 

attached to the noaru b 

.r of mercury. 

enCG thpr class or a household barometer ( Fig. 181 ) is a form 

The wea g ^he B horter limb, thero is a float on tho 

of Siphon bar0EQ u m oves up or down with tho surface. This lloat 
mercury sur ace,. rack an(J p i n i on arrangement to a wheel, to tho 

iu connected throug ^ attached ( Fig. 182 ). Tho pointer moves 

centre oj whmh a^po^ ^ fronfc q{ fcbe tu be. The dial is graduated in 
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inches and is also marked with indications such as fair, variable, rain, 
stormy etc. The position of the pointer therefore, gives the atmospheric 
pressure in inches and the probable state of the weather in immediate 
future. Hence this instrument is termed a Weather glass. 

0 

Aneroid Barometer.—In this barometer no liquid is used 
(a without ; neros, liquid). In the present form, it is sufficiently accu¬ 
rate and at the same time very light and easily portable. It consists of 
a shallow cylindrical metal chamber C (Pig. 183), which is evacuated 
as completely as possible and is hermetically closed with a thin elastic 
metallic diaphragm. This is corrugated in circles to make it readily 
yeild to the changes of atmospheric pressure. Any variation of 
pressure causes a deformation, of the corrugated top, proportional to 
the change of pressure. The deformation, which is always' small, is 
magnified by a delicate system of levers and is ultimately transmitted 
to a pointer at the top moving over a circular scale The scale is 
previously graduated in comparison with a standard mercury baro¬ 
meter, so that the pressure can bo directly read on it in centimetres or 
inches. To prevent the instrument form being permanently deformed 

duo to a sudden rise of pressure, the lid is sup 
ported on a strong still spring which presses 
against the lever L acting about a fulcrum. 
Words rain, fair, storm, change, dry, etc. 
are written on the dial and the pointer at any 
position would correctly indicate the correspon¬ 
ding state of the weather, provided the instru¬ 
ment is kept at approximately the same level 
for which it is meant to be used. A complete picture of the instrument 
with its outer casing and dial is shown in fig. 184. 

The aneroid barometer is lighter, more easily portable and less 
liable to injury than a mercurial barometer. An aneroid barometer 
may also be provided with a scale to indicate directly height in feet 
or in metres. Such barometers, which may be as small as watches 
and arc used by mountaineers and aviators to record the heights 
attained, ary called altimeters. 

Barograph.—A barograph is an instrument for automatically 
recording on a chart a continuous variation of the atmospheric pressure 
(Fig. 185). It consists of au aneroid barometer C which is kept well 
covered in a glass box. The top of the barometer is connected through 
a system of levers L and S. Any chauge in the atmospheric pressure 
is recorded by the end of the lever S rising up or down. A recorder is 
attached to the end of a long lover aud its point presses against the 
drum over which a graph paper is wouud. The drum is slowly 
rotated by a clock-work arrangement and revolves once a week. The 

pressure variation is recorded on the graph paper as a continuous 
wavy line. 

Advantages of Mercury as a Barometric Substance.—The ad - 



Fig. 183 
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vantage of mercury as a barometric substance will be apparent from 
the following fuct9 : — 

(1) On account of the high specific gravity of mercury, a com¬ 
paratively short column of it, about 30 inches, balances the atmospheric 

pressure. 



Fig. 185 

Fig. 184 

(2) In the Torricellian vacuum, there is very little mercury vapour. 

so the pressure due to mercury vapour present is negligible. On the 

water eives oil vapour even at the ordinary temperature, 

0t ^° which will exert appreciable pressure on the liquid column and so 

the obs rvod tuhi would be lees then the true height. Glycerine 
the oi>sci B very low pressure at ordinary tomperatures . 

hut°aa glycerine readily ubiorbs moisture Irom the atmosphere it 8 
density changes and also this moisture rs given off by the lrqurd within 

the tube- 

(3) Mercury when pure does not wot glass. 

*132 Use of a Barometer.— A barometer may bo used either 

for the measurement of atmospheric pressure or for the determination 


of height. ■ 

Determination of Height.—At the sea level, mercury baro¬ 
meter stands at about 7G cm. On ascending through the atmosphere, a 
certain height of the air column is loft out, so the atmospheric pressure 
and consequently the length of barometric column docreaso. Let the 
barometer readings at lower and upper stations be h L and /t 9l respec¬ 


tively. 

Vertical height between the two stations. 
Average density of air betweon the two stations 

So £i x p x g - (/»! - /i») * 13'6 * {/ whence H - - 


— H cm. 

- p gm./c.c. 

- h* 

x 13 6 cm. 
P 


Taking the average density of air near the surface of the earth, it is 
found that for an altitude difference of 107 7 metres, the change of 
barometric height is 1 cm. This corresponds to a change of pressure 
of 1 inch for an altitude difference of 900 ft. But as air is highly 
compressible and as the temperature decreases in the upper regions, 
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the density of air get 9 continuously less as we go up. So the atmos¬ 
pheric pressure aud hence the barometric readings do not fall in propor¬ 
tion to the height. A rigorous calculation of the determination of height 
is given in the part on Heat (Art. 81). 

The hsight of a place above tne sea-level in metres can be directly 
determined from the formula, 

H *=■ K(log 10 /ti - \og Xo h 2 ) ...(132,1) 

whore /ii and /i 2 are the atmospheric pressures in centimetres 
at the sea-level and at the required altitude and K is a numerical 
constant equal to 18900 nearly. 

Forecasting of Weather.—It is found that the atmospheric 
pressure at a place varies at different hours of the day, as also from 
day to day. The variations may be due to changes in the density of air 
consequent upon the changes of temperature and on the amount of 
water vapour in the atmosphere. Hence the barometer readings would 
give us 9ome idea as to the possible condition of the weather at any 
time and also in near future. Water vapour is lighter than air, its 
density being 5 of that of dry air. So when the proportion of water 
vapour in the atmosphere becomes large, the density and hence the 
pressure of the atmosphere decrease and so the barometer reading falls. 
A considerable fall in the barometer, therefore, indicates that rain is 
imminent. If there is a sudden docrease of pressure at the place, air 
from surrounding regions would rush to the place. A sudden fall in the 
barometer therefore predicts an immediate storm. A slow fall for 
serveral days, implies continued bad weather. On the other hand, a 
sharp rise indicate a fine weather bub not lasting. A steady rise indicates 
a continued fine weather for sometime. These foreoasts are only 
approximate. 

Weather Charts containing informations about pressure,temperature 
aud numidity of atmosphere, strength and direction of the wind, the 
state of the sky, etc. are daily published by Meteorological Offices. 
Air pressures in millibars are shown on the charts by continuous lines, 
called isobars, each of which passes through places of equal barometric 
pressure at a ceitain time. The relative position of those lines indicate 
the state of expected weather. When the isobars are near, the varia¬ 
tion in the pressure is rapid. The regions of low pressure are called 
cyclones and those of high pressure are called anticyclones. The 
instrument by means cf which the strength and the direction of wind 
Cali bo measured and recorded is known as anemometer. 


ibH. Extent of the Atmosphere.— The air at the surface of the 
earth "ouic t-nd to expand indefinitely in space. But at a certain 
he.gr.', ti.,:3 tendency is expected to be balanced by the action of gravity 
»rd so '.be atmosphere may be taken to oxtend to a limited height. 
Ant as the density of air gradually decreases it cannot be accurately 
said how tar air extends into space. 

If the atmosphere be taken to be homogeneous i.e ., to have a cons¬ 
tant density throughout, we can calculate the extent of the atmosphere 
which is called the height of the homogeneous atmosphere. If 
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this height be H cm., then the^ W0,g ^ weighfof a*column of mercury 
unit cross-section must be equal to The density of dry 

76 cm. in height ^ d ^ lso of b c . c . . taking the density of air 

air at sea-level is 0 0 . 0 . 12 . J ? B H x ry001293 * g - 76 * 13 6 * g. 
throughout to be equal to this, H 0 UUl^ Q 

76_^ 13 6 _ poi200 cm. or 5 miles nearly, 
whence H a n'001293 . , , 

But air in a rareffed ® tta * ned 

higher than this hunt. In n f^Uofn. On may 4, 1937 ; Captain Gray 

L V ok'arrangement£ oxygen and ro=e without any troubles to a he.ght 

*£L m* «... 

about 10 miles On Se,> ‘ 6 ™^ 6 “uitude of 19000 meters or about 11* 

rose into the stratosphere to an a ^ ^ Cosyns started from 

miles. On August 20, J UJ ’ here ascent and reached a height of 
Brussels in a balloon on a strat P“ emb((ri 1937 a stratosphere expedi- 
about 9'9 miles. On the 1111 in America under the National 

tion was undertaken above Capfc. Orville Ander- 

Geography Society , h ,^ P to a height of 72395 ft. or nearly 13 7 miles 
son, who rose in a a j n an aer 0 pi a ne to a height of 

In May. 1937 « Uaban !P*^ ^ ^ June> l937 , FJight-Lieut 
51 363 ft. or about 9 73 milo • u North-Western Frontiers of 

M JAdams formorly m sorv ce on ft or about 1Q . ilos . 

India, attained by aeroplane a ^ engineer of Moscow reached a 

In July 1937. Eugenia. Suit, a gub6trato9phere . i n August, 1961, an 
height of 24 , 00 ° ft. into th n rose in a jet plane toa height.of 

American test pilot balloon carrying self recording instruments 

70 491 ft. An unmanned b evidence of suibcient air at a 

has gone up *» ® l ° reflect su^ rays at sunset. Reflection ef 

So waveVhim'lrevealed^ that traces of atmosphere extend to even 200 

miles and beyond. Ascent —It is to he mentioned hero that 

Difficulties of High A. q a VOfy high a 6 ce nt, as in the 
great difficulties are - I ow j ng a mong other reasons 

t Z Air -The fewer density causes difficulty of 
(i) The densl v f bft ve to make a greater number of inhala- 
breathing as a pc requisite supply of oxygen. With artificial 

ti 0 ,“ B ,^on m of orygen this dimculty may he minimised. 

inhalation oi yb rfl _Owina t:> this the pressure 

(») The low Ixeess “his w^uld cause a rush of blood 

within our body will be wh ioh would oven sometimes bleed, 

toward the nose, ears and V . forth g roafco r force in supporting 

S. nib. will feel to be stiff and without any 
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(Hi) The low temperature. —The temperature of the atmosphere 
falls as we go up. At a height of 5 miles, the temperature of the air is 
founrl to fall to ~ 20°O, and at a height of 7 miles, it falls to about 
— 58°C. Unless special precautions be taken, the aeronaut may be 
frozen to death. 

134. Isothermal Volume changes of Gases.—It has already 
been mentioned that gases are highly compressible so that the volume 
of an enclosed mass of a gas readily changes with changes of pressure. 
The relation between the pressure and the volume of a given mass of 
a gas at constant tempenture was first discovered in 1662 from experi¬ 
mental results by Robert Boyle, and also independently in 1676 by 
Mariotto in France. Tho relation is enunciated in a law, called the 
Boyle’s Law in England and the Mariotte’s Law in the Continent. 

Boyle’s Law.— The volume of a given mass of any gas at constant 
temperature varies inversely as the pressure to which it is subjected. 
Thus if v is the volume of a mass of a gas at a pressure p, then at 
constant temperature — 

iK —, or v - k — where k is a constant 
p P 

whence pv = k, a constant ...(134,1) 

Hence if a given mass of a gas at a constant temperature has 
volumes v,, v 3 , v a, etc., under pressures p t , p,, respectively then 
we have p i Vi “p-j v 2 “Pa “a constant. This constant depends on 
the nature, mass and temperature of the gas. The equation (134,1) is 
known as tho isothermal equation of state. For example, if the 
volume occupied by a gas is 20 c.c. under a normal pressure of 76 cm., 
then its volume would be reduced to 10 c c. when the pressure over it is 
increased to 152 cm. 

Pressure and Density.— The relation given in Boyle’s law can 
slf.o he oxpresed in terms of pressure and density of the gas. Thus let 
a certain mass m of the gas at a constant temperature possess a volume 
v t and density p x at a pressure p lt and a volume v g and density p a 
when the pressure is p. 2 ; then since the mass remains constant. 


. whence — “- 

P 9 v l 

Again from Bovle’s law, p x v x “PsV 8 or “ — ! 

V 9 Vl 

From (l) (2\ whence is constant. 


...( 1 ) 

...( 2 ) 

(134,2) 


135. Verification of Boyle’s Law.—The apparatus generally 
used for this purpose consists of a long glass tuba AE (Fig. 186) of 
uniform boro and closed at tho top permanently by being sealed off or 
by means of two air tight glass stoppers, as shown in the figure. This 
tube is connected at ite lower end by a piece of long flexible thiok- 
wallod rubber tubing to a wider glass tube DB open at both ends. Both 
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the tubeg can slide along vertical^ uprights and can be fixed any 
desired position by clamps X and 1. The lower 
parts of both the glass tubes and the whole of 
the rubber tubing T are filled with pure dry mer¬ 
cury, while the upper part of A contains some 
amount of dry air or any other gas. There is a 
vertical scale S attached to the stand, wluc i is 
graduated on each side in centimetres. The posi 
tions of the levels of the mercury in the tubes can 
bo read from the scale S. As the tube AE is of 
uniform bore, the volume of the enclosed air pro¬ 
portional to the length of the enclosed air column 
fhA hi ho For accurate r>b»ar\ation, tno 
tube is graduated in fractions of cubic centimetres. 

For Higher Pressures. — Raise the open 

endfsuch that the mercury level ’ n ^ for s'ome- 
than A Fix it up some where and wait for some 

r==-s f“£r rs 

readings^of^theHoaed^op B of tb* tub. 

level D and G in the fc 'Y° u ) ^ ako ,, {cVV £Uc h Fig. 186 

metric height at the im • ‘ w . |fch the me rcury level in B highor 

[re^rciie’ HeTo \he pressure is always hiyher than the atmospheric 
pressure. 

„ . n, Aa 8 „r Pfi —Slide B down till the level of mercury m 

For L°wer Pressures, bl.do ^ B sfcop by 8tep . The 

the two tubes i ,, ra dually increases ftDd the level of mercury in 

volume of e . that in A The pressure of tlio air in A is in 

B is always lowe sublracllnQ tho difference of the mercury levels 

in°tho two tubes from the barometric height Here the pressure of 
tie enclosed air is always less than the atmospheric pressure. Note tho 
volume of tbo air and the corresponding pressure at each step. 

Find the product of the volume (») and the corresponding pressure 
Ip) in all cases. It is found that the product p* v ,s approximately 

constant. 

Precaution*.— The mercury ns well a* the air enclosed in A must be perfectly 
, v Tw „ct dry air the stop-cocks at the mouth of the tula*. A may be opened 
and wane fused calcium chloride is kept in the funnel tube The lube 
raised so that mercury level in A touches the lower stop-cock. I hits the air inside 
\ is all forced out. Then II is slowly lowered, whereby mercury level in A coming 
down sucks atmospheric air through calcium chloride making it dry. Ilius any 
required volume of the gas may la- taken in at the start. 

To account for any variation in the atmospheric pressure during the experiment 
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the mean of the barometer readings at the beginning and at the end of the experi¬ 
ment should be taken. . 

It is sometimes a difficult task to make glass stoppers absolutely air tight m 
a glass tube. If there is any leakage from the closed end tube, during experiment, 
then the experiment is spoilt. To ensure the safety, the upper end of the tube A 
is made permanently sealed. 

The alteration in the volume of the enclosed gas must be made very slowly 
so as to avoid any change in temperature due to the sudden compression or 
expansion. 

The relation between the pressure p and the volume v of a gas 

can be represented graphically. If 
pressure be represented as abscissa 
and the corresponding volume as 
ordinate a curve as shown in 
fig. 187 will be obtained. The curve 
so obtained is a branch of, a rectan¬ 
gular hyperbola. If the pressure p 
is plotted against reciprocal of 
corresponding volume 1/v, the re¬ 
sulting graph is a straight line. 

The change of volume of a gas 
at constant temperature is known as 
isothermal change (Gk. Isos, same ; 
thermos, heat) and the curve re¬ 
presenting the change in the volume 
of a gas with the change of pressure at any constant temperature 
is called an isothermal curve or simply an isothermal at that 
temperature. 

Examples :— 



Fig. 187—Isothermal curve 


1. A vertical cylinder of sectional area 10 sq. cm. is fitted with an airtight 
piston weighing 30 kgm. The cylinder contains some air and the height of the 
piston from the bottom of the cylinder is 28 cm. If the barometer reads 7G cm. 
at the time, find the total pressure inside. If an extrn load of 30 kgm. be placed 
on the piston, find how far it will be depressed, (g = 080 ciu. per sec. 8 ). 

A. Pressure per unit area due to the weight of the piston. 


so ;< iooo oso 
10 


= 2-04 X 10® dynes 


Atmospheric pressure per unit area = 76 X 13-G X 080 = 1*01 X 10° dynes 

.’. Total pressure inside = (2-94 X 10’’+ 1-01 X 10®) = 3-9.5 X 10® dynes. 

The additional load produces a pressure of 2*94 X 10® dynes per sq. cm. 

.'. Total pressure = (.3-95 -f- 2-04) X 10® dynes = G-S9 X 10® dynes. 

Let the piston be depressed through x cm. 

Then (23 — x) X 6*89 X 10° = 28 X 3-9.5 x 10® whence x = 11-9 cm. nearly. 

2. Some air is introduced into the space above mercury in a bnrometer tube. 
The height of mercury column is 20 in. and the space above it is 4 in. long. When 
the tube is pushed down into the cistern so that the space is reduced to 2 in. the 
height of mercury column becomes 28 in.. What will be the height of mercury column 
ju air-free barometer ? (All. U,_1931) 
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A Let the height of the mercury column in air-free barometer _ P in. So 
intinl pressure of enclosed air = (P - 20) in. and its vol. is proportional to 4 in. 
Final pressure, of the enclosed air = (P - 28) in. and its vol. is proportional to 

2 in. 

/. From Boyle’s law (P -29) X 4 = (P - 28) X 2 whence P = 30 inches. 

3 A tube C ft. in length closed at one end is half filled with mercury and it 

: 3 then inverted with its open end just dipping into a mercury trough. If the 
barometer stands at 30 inches, what will be the height of the mercury inside the 
tube? (C. U.-1931) 

A Let the height of mercury column in the tube when inverted = h in. 

Initially the air occupies (3 X 12) in. of the tube and its pressure = 30 in. Final 

volume of the air is (72 — h) in. and the pressure = (SO-*) in. 

• (70 _ h) (30 — h) = SC X 30 whence h = 12 in. or 00 in. 

But as the length of the mercury column cannot be greater than the tube itself 

bo the second value cannot be accepted. Hence the required height is 1 ft. 

4 A faulty barometer containing air and of 1 sq. cm. cross-section reads 77 cm. 

when the true reading is 78 em. and 70 cm. when the true reading U 70-8. Find 
the volume of air present at a pressure of 70 cm. tAna. u^-iy o*) 

A Let / cm. be the length of the barometer tube measured from the mercury 
level of the cistern. In the first case air pressure within the borometcr is 78 - 77 _ 
1 cm. of mercury and volume of air is (J - 77) c.c In the second aise air pressure 
is 70-8 -70 = 0-8 cm. and the volume is (l - 70) c.c. Applying Boyles law. 

(/ _ 77 ) x 1 = (f — 70) X *8 whence / = 105 cm. 

Thus the volume of air is 105 - 77 = 28 c.c. under a pressure of 1 cm. If t> 
be the volume of this air at a pressure of 70 cm., then from Boyle s law, 

2g x 1 = 70 X v whence = 0-37 c.c. 

136. Archimedes’ Principle applied to Gases.— Just as a body 
immersed in a liquid experiences a vertical upward thrust equal to the 
weight of the liquid displaced by the body, so /\ 

also a body is subjected to an upward thrust j 
by the gas surrounding it, which is oqual to the ^ 

weight of the gas displaced. The upward force , r 

exerted on any body by the surrounding air is \, 

called the buoyance of the air. Hence the weight 

of a body in vacuum, which is its true weight, is A 

greater than its apparent weight in air by the f\ ^ 

weight of the displaced air. 

This is clearly demonstrated by a baroscope, ^^***^1 
which consists of a small balance from the arms 
of which a small brass weight and a large cork 
sphere are suspended so as to counterpoise each 
other when in air. Therefore their apparent Fig. 188 

masses are equal. The whole is then placed 

under the receiver of an air pump. If now the air is pumped out, the 
cork sphere is seen to sink down becoming actually hoavier (Fig. 188). 
When both are suspended in air the cork* sphere owing to its larger 
volume displaces greater volume of air than the brass weight and so 
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experiences a larger upward thrust. But as the apparent masses of the 
two are the same, the true mass of the cork sphere must be greate 
than that of the brass weight. In the following calculation we use the 
word ‘weight’ to mean the mass of a body. 

* Buoyancy Correction in Weighing.—The fundamental assumption 
in a buoyancy correction in weighing is that the apparent mass of the 
body to bo weighed is equal to the apparent mass of the weights placed 

to counterpoise it. 

Let the true weight of the body 

true weight of the counterpoising weights . 
density of the material of the body 

density of the material of the weights = P 

density of air at the time “ ^ 

• W , ' W' 

Then for equilibrium, W - — d - W - 


- W 

- W' 
“ P 


w 


■whence W 


:i‘- t). 


-1 




since d is small in comparison to P und p 


. (136,1) 


Example :— 

The weight of a body in air of dcusity 0-00125 gm. per c.c. is found to be 
309-3 gm. If the density of the material of the body be 2-5 gin. per c.o. fmd 
the weight of the body ‘in air of density -001.29 gm. per c.c. and also the true 

weight. 

A. Let the true weight of the body = W gm. 

Then the volume of the body = (W -7-2*5) = volume of the air displaced. 

• w_—— =399-8 whence W = 400 gm. 

* ’ " 2-5 

Hence the volume of the body = (400 -r- 2-5) = 1G0 c.c. 

.*. Its wt. in air of density 0-00129 = (400 — ICO X 0-00129) = 399-793 gm. 

137. Balloon.—The buoyancy of the air is utilised in the ascent 
of a balloon, an airship or any other air floating machine. If the 
weight of the machine with its accessories be less than that of the 
displaced air the machine will rise up in the air. 

A balloon is essentially a largo bag of silk or some other light 
material, the outsido of which is thoroughly varnished to make it air¬ 
tight (Fig. 189). It is filled with some gas lighter than air e.g., hydro¬ 
gen, helium or coal gas. The balloon is provided with.— 

(0 A light car to carry passengers which is suspended by oorde 
attached to a large net-work of ropc-s covering the balloon. 
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Fig. 189 



{ii) A safety valve at the top ; by opening it with a cord, the con¬ 
tained gas may be allowed to escape and the 
balloon may be lowered at will. 

(Hi) Some bags of sand, which being 
emptied will make the balloon ascend further 
or descend less rapidly. 

(tv) A parachute which is a large utn- 
* i ’ :} brella like contrivance with cords banging 

from its circumference 
and carrying a light 
frame at the other end 
(Fig. 190). 

The aeronaut may 
leave the balloon with 
the parachute, which 
then opens out like an 
umbrella due to the re¬ 
sistance of the air below 
and makes tho descent 
slow. There is a small 
opening at its top 
through which the air 
slowly escapes whereby 
it descends upright. 

Lifting Power °f Balloon.—H the height of the air 

rrsr,, «,»—«•> ov. +«•>• 

in it having a you me \ lhe ....dosed gas is equal to V p . The 

c<l'ial to that of «« „ir is Xd, which should be greater. Therefore the 

hE‘^wcr C is V (</ -,*>• A part of this power is utilised in overcoming the 

weight of the balloon anti the cargo it carries. 

, . „ • f..n v Inflated ul «he start. As it rises up. the density and 

the pressure of the surrounding air decreases. The volume of the balloon and 
Z that of the displaced air increase almost in ll.e same proport,on upto some 
It The weiuld of the displaced air. therefore practically remains the same and 
l,C, n so the hfting power of the balloon. But as the weight of the balloon and other 
801 ..... in S .t K . < nn ie weight of the displaced air ultimately becomes 

,,ur ' | Z' the'weight of the balloon * and its contents, when the balloon will not rise 
X more If the soud bags are now emptied the balloon will rise again. Coal gas 
being cheap and easily procurable, is generally used in a balloon. 

Air Ship.— It is a modification of tho balloon with arrangements 
to steer tho machine in any direction with changablo speed. After 
being lifted up in the air. it can he driven by propellers worked by 
motors and it can be steered in any direction by a suitable rudder ; 
/0 ppelin is an example. Hydrogen being extremely light is used in 
the air-ships : but now-a-days helium is preferred as it is non-inflam- 
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mable. Ife is due to the hydrogen taking fire that the German air liner 
the Hindenburg, the biggest of its type and used in trans-Atlantic 
flight, was destroyed on 6th May, 1937. 


Examples :— 

1. A litre of hydrogen and a litre of air weigh about 0-09 gramme and 1*S 
grammes respectively at a certain temperature (<) and pressure (p). "What would 
be the capacity of a balloon, weighing 10 kilogrammes, which just floats when 
filled with hydrogen having the same pressure (p) and the same temperature ( t ) 
ns the air. 


A. Let the capacity of the balloon = V litres. 

.'. Mass of hydrogen enclosed in the balloon = V X 0-09 gm. 

And muss of air displaced by the balloon = V X 1*3 gm. 

Now wt. of the balloon -f wt. of hydrogen enclosed = wt. of air displaced. 

10000 + V X 0-09 = V X 1*3 whence V = 8204-46 litres nearly. 


2. A balloon, weighing 150 kgm., contains 1000 cu. metre of hydrogen and is 

surrounded by air. Calculate the additional weight it can lift. Also explain why 
the balloon will float in stable equilibrium at n constant altitude. Density of hydro¬ 
gen 0-00009 gm./e.c., and density of air = 0-00129 gm./c.c. (Gau. U.—1952) 

A. The mass of the balloon and the contained gas = 150 kgm. -f- mass of gas. 

Now mass of 1000 cu. metre of hydrogen 

= 1000 X 10” X -00009 gm. = 10* X -00009 kgm. = 90 kgm. 

.'. Total mass of balloon and hydrogen = 150 -f- 90 = 240 kgm. 

Mass of air displaced = 1000 X 10* X -00129 gm. = 1290 kgm. 

Hence from Archimedes’ principle force of buoyancy = 1290 — 240 = 1050 kgm. 
= its lifting power at the place where density of air is -00129 gm./c.c. At a higher 
altitude the density of air is less, so that balloon can not ascend with the given 
load. Again at a lower altitude the density of air is higher than -00129, so that 
the balloon with the given load could be forced upwards due to greater buoyancy. 
So it takes up a constant height determined by the required density of air 
(-00129 gm./e.c.). 

3. A balloon is filled with a gas whose density is -j\ that of air at N. T. P. 
Compare the total lifting power of the balloon in air at 76 cm. to that in air at 
71 cm, the temperature remaining always at 0 C C and the volume of the balloon 
being supposed to be the same. 


A. Let the density of air at N. T. P. = d; then that of enclosed gas = 
Again density of air at 0 C C, and 74 cm. = d X 


13 


lot the volume of the balloon be V c.c. and the total lifting power in the two 
cases be W» and Ws respectively. 


W, = Yd (1 - 


Then Wj+ ~ = Vd or 

lo 

Again W. + ^= Vd Xfi or \V a = Yd - T \) =, * VI Yd 
From (1) & (2), Wi! W* = 450: 443. 


1 ) 


(2) 
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4. A cylinder filled with air at atmospheric pressure is lowered in water with 
its mouth downwards till it i; £ full of water. To what farther depth should 
it be lowered till it is * full of water? Density of mercury is 13-0 and barometric 
height is 70 cm. fU- L. B- 1953) 

A. Let l be the length of the cylinder in cm. and <*. its area of cross-section 

in sq. cm. Then the volume of air is l * c.c. under the atmospheric pressure of 

70 X 13*0 X <J dyues/sq. cm. 

Let the depth of water be h cm. measured from the top surface of the cylinder 

at which the cylinder is £ full of water. The volume of air is then l l * c.c. and 

the total pressure within the cylinder is 70 X 13-0 X J + (A + * I) X <J dynes/sq.cm. 

Now, if temperature does not change, then according to Boyles’ law 
/ * X 70 X 13-0 X (f= 1M x [70 X 13 0 Xtj+ (/i + * /) X £/J 

, , 70 X i3 G 

or, 70 X 13 0 = 2/t -j-$( or, h = - - - cm. 

neglecting the length of the cylinder us compared to h. 

When the cylinder is farther lowered by In cm. where it is 5 full of water the 
volume of contained air is J l * c.c. and the total pressure is 70X l3'0Xy + 
(h + It i+Ji)Xs dynes/sq.cin. Then again applying Boyle’s law, 

H x 76 x 13'6 x j/- \l< x [76 x 13 0 x <j + l/i + h k + 1,0 x j} 
or, 3 X 70 X 13 0 = 70 X 13-0+/*+/u neglecting l 

, , , 76x 13 6 

or, 2 X7C X 13-0 = h + /<« =- - +«• 

nr 3 X 70 X 13 0 - _ /tj _ 3830 4 cm. 


ROBERT BOYLE [1627 -1691) 


Robert Boylo, tho fourteenth child of the Earl of Cock, was born 
at Lismore Castle, Ireland, on January, 25, 1627. Onco in his 
boyhood, bo was ill and a druggist served by mistake a poisonous 
medicine which was administered As an effect of the poison ho very 
nearly lost his life. This accident led Boylo to read Chemistry. 

After finishing his education in a London School, he spent six years 
of bis life in France, Sweden and Germany for higher studios. Ho 
came back to London in 1644 and hired a bouse where a few peoplo 
loving science used to meet and discuss scientific topics. This debating 
society was transformed by Charles II in 1662 into the Royal Society. 

Having obtained an air pump in 1659, ho began to study tho 
properties of gases. His caution and thoroughness of investigation led 
him to discover the well-known law of gases. Ho also prepared alcohol 
from wood and acetone from lead and lime. He was tho first scientist 
to make a systematic study of the elements by a method of chemical 
analysis. Although a scientist ho was a devout follower of the Church 
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and he established in London the “Boyle Lectures” in propagating 
faith in Christianity. He died on December 30, 1691. 



Fig. 191—Robert Boyle 


Summary 

Atmospheric pressure is the pressure on unit area caused by the weight of 
the entire column of air standing upon it. 

The existence of atmospheric pressure can be demonstrated by various 
experiments of which the Magdeburg hemispheres experiment is one. 

'I he magnitude of the atmospheric pressure is al>out 13 lbs. per sq. inch, as 
can be shown by Torricelli’s experiment. 


Barometers are instrument for measuring the amount of the atmospheric 
pressure at any time. Barometers can also be used Tor (»’) The determination of 
height and (it) Forecasting of irrather. There are instruments of different types 
c.g., (j) Cistern barometer, (ii) Fortins barometer, (Hi) Siphon barometer, \w) 
Aneroid barometer. 


Boyle’s Law. ihe volume (? ) of a given mass of any gas at constant tem¬ 
perature varies inversely as the pressure ( p ) to ukich it is subjected; pv is constant. 
Archimedes principle .also npplie?* to gases. 
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Exercises on Chapter XI 


„ r .fnllv what you understand by atmospheric 

1. Describe careful!) * tho existence of atmospheric 

pressure. Dcser ibe experiment, to jj __ 1928 . p. B.—1943) 

pressure. . f tl statement—the atmosphere 

2. Explain fully the meaning nearly How would you 

exerts a pressure of 15 lbs. per square inch nearly ^ 

verify the statement experimentally . ^ atm0 s P heric 

S. How will you show experim ^ h „ 1C Slirfa ce of the 

pressure acts equally a ' t crushed by the pressure of 

human body is large explain "e (Utkal . U.—10.12) 

thC rC the normal pressure of air in ^ ^ 

<> f h. s. lost) 

a 1013901-G dynes per sq. cm. , 

5. In a barometric ^m^pherJ pressure 

£££ £ ttfaf 1 inS. = «•« «■ » = **>• «- 

of mercury — 13*0. 

A. 1010029-9 dynes per sq. cm ^ floor of ft 

C. The readings of a h s respectively. The densities of 

building arc 29-90.1 and ' per c.c! respectively, 

mercury ond air are 13-o3 and UM. fc (And. 11.-1951) 

Find the jicight of the building. 

^ ^ if « nf n standard barometer. Can a tube 

7. Describe a good form barometer tube? Why is a 

of any diameter be used ^ a star f , (AU . U.-1939) 

lh ~Z'Tl u “ diagram 0,r Principie and extraction 

of a barometer which you ^ Dae. U.-194*. ’43; 

. (IU) - V,'Z ”. o : D P. B.-10M; Cf. C. U.-1054 ; 
Cl X vLu V -n^ ; P. U. 1942; Cf. And. U.-.9M) 

. . . 1 .arintlnn of Fortin’s barometer and explain 

0. Give a brie <?s atmospheric pressure in dynes per cm. 1 , 

its adjustments. Caleulabe _tl 1 }g ^ m|n< (given p = 981 and 

when the corrected barometric b Xj^OSl, ’41; All. U.—1940; 
P =13 °)- C/. Nag. U.—1953; U. P. B.—1943) 

1000020. 


Reference 
Art. 127 
Arts. 

128 .y 129 


Arts. 

129 & 134 


A. 

10 . 


Explain the principie oi an “ 1 W 

How does a barometer fora^wc"^.? c< ^ „ _ 1031) 

w Explain why it is necessary to correct the reading of a 
12 ,‘ . ‘ P _ temperature. Obtain an expression for this 

Fortins barometer for tempc^ o. ^ u._ 195 s ; Nag. U.-1953) 

correction. t/\nnn. 


Art. 129 


Ait. 129 


Art. 182 


Art. 180 


Art. 130 


Art. 180 


Art. 181 

Art. 182 
Art. 180 
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Reference 

Art. 130 13. A barometer has a brass scale which is correct at 60°F. The 

barometer reads 754 mm. at 40°F. Correct the reading of the barometer 
to S2°F. The co-efficient of linear expansion of brass is 0-00001 per °F. 
The coefficient of cubical expansion of mercury is 0-0001 per °F. 

(Pat. U.—1953) 

A. 753'2 mm. 

Art. 134 14. A bottle whose volume is 800 c.c. is sunk mouth downward 

below the surface of a pond. How far must it be sunk for 300 c.c. of 
water to run into the bottle ? The height of the barometer at the snr** 
face is 70 cm. and the sp. gr. of mercury is IS-6. (Nag. U.—1950) 

A. 0-201 metres. 


Art. 134 


Art. 134 


Arts. 

181 & 18C 


Alt. 184 


15. The mercury in a barometer tube stands at 75 cm. and 
the space above it is 5 cm. in length. 2 c.c. of air at atmospheric pressure 
are admitted into the tube and the mercury now stands at 00 cm. Find 
the area of cross-section of the tube. (P. U. —1950) 

A. -5 sq. cm. 

10. State Boyle s Law. How is the law verified experimentally ? 

(Mad. U.—1951 ; Nag. U.—1950; Raj. U.—1949, ’52; Del. 

H. S.— 1950; E. P. U.—1952) 

11. state Boyle’s Law and describe an experimental arrangement 
for verifying it for pressures greater than and less than one atmosphere. 

(Gnu. U.—1952 ; C. U.—1941, '47, '49; U. P. B.—1944; Cj. 1953) 

Dac. U. —1941 ; P. U. —1950) 

18. The volume of an air bubble increases ten-fold in rising from 
the bottom of a lake to its surface. If the barometric height is 30 inches 
what is the depth of the lake? Sp. gr. of mercury = 13 • 6. • 

(Dac. U.— 1941; Raj. U.— 1952) 

A. S0G ft. 


Alt. 134 19. At what depth in water will a bubble of air have the same 

density as water, giveu that water is incompressible and air obeys 
Boyle’s Law for all pressures ? Density of air at ordinary atmospheric 
pressure is 1-25 gm. per litre. (R.*P. B.—1949) 

A. 27200 ft. taking water barometer = 34 ft. 

Ait. 134 20. The length of the Torricellian vacuum in a barometer tube was 

25 cm. when the reading of the mercury was 75 cm. When 10 c.c. 
of air at atmospheric pressure was admitted the reading was 50 cm. 
Calculate the diameter of the tube. (E. p. [J._1952) 

A. S7 cm. 


Art. 184 


Art. 134 


21. A barometer indicates a pressure of 77 cm. The radius of the 
tube is 0-5 cm. and the height of the space above the mercury in the 
(ube is 10 cm. A certain volume of air is now introduced into the tube 
and the barometer records a pressure of 75 cm. What will be the volume 
of the air at 7G cm. 

A. 0-2*1 c.c. 

22. A glass tube closed at one end is 72 cm. long. The inside is 
covered with a soluble p]gmcnt. In sounding the depth of the sea, the 
tube is lowered verUcally below the sea (open end down) till it just 
touches the bottom. When taken out the pigment was found dissolved 
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to within 4 cm. of the top. If the average density of sea water is 1*02, 
find the depth of the sea at the place. Density of “ 13 6 ' 

Atmospheric pressure — 70 im. ( . . - 

A. 172 - 88 metres. 

03 The space above the mercury in a faulty barometer measures 
io cm * and the mercury column extends 7-2 cm. above the mercury in 
the cistern. On depressing the tube in the cistern, the mercury stands 
at 70 cm. and the space above measures ,2 cm. What is the atmos- 
pheric pressure iu centimetres of mercury ? 

A. 75 cm. 

Describe a Fortin’s barometer and show how you will proceed 
to take a reading. If the barometer tube is lowered into a deep cistern 
of mercury what changes will be noticed in the ength of the mercury 
column (a) if the space above mercury is perfectly vacuous ( 6 ) if the 
space contains a little air and (c) if the space contains a littic water 

vapour? Give reasons. (R. 1. 1>. 

25. Explain fully how the height of a barometer affords us a mea¬ 
sure of the pressure of the atmosphere. What is the weight of a litre of 
air collected at the top of a mountain when the barometer stands at 
60 cm. ? (1 litre of air at a pressure of 70 cm. weighs 1-J> grams). 

A. 0-8487 gm. 

20 The height of barometer is 75 cm. of mercury, and the 
evacuated space over the mercury surface has a volume of 10 cc. One 
cc of air at atmospheric pressure is introduced into the evacuated space. 
What is the new reading of the barometer? (The cross-section of the 

lube “ Unity> ' (Gnu. U. —1952) 

A. 70 cm. 

27. Mercury is poured into a barometer tube, till a volume of 15 
cc is left, filled with air at atmospheric pressure. When the tube is 
inverted over a mercury cistern, the air occupies a volume of -o c.c. the 
height of the mercury column being 30-2 cm. Find the atmospheric 

pressure at the time. 

A. 75-5 cm. 

* 8 . The density of air at N. T. I*, is 0 00129 gm per c.c Find 

the alteration in the weight of 15 litres of air when the barometer falls 

from 70 cm. to 74 cm. 

A. The weight decreases by 0-51 gm. 

20 . On introducing a bubble of air of volume 3 c.c the mercury 
h u barometer which originally stood at 70 cm. fell by 12 cm. Find 
Se space above mercury in air-free barometer, assuming the cross-section 

of the tube to be unity. Ut * 

A- 7 c.c. 

SO Find the pressure exerted by a gramme of hydrogen m a 

vessel of 5-55 litre capacity at 0 ‘C.. assuming that the mass of a cubic 

VCB Jr , lf hydrogen at 0°C. and at a pressure of 700 mm. of mercury 
centimetre ot nyurogeu u«. v. / Dac U.—1930) 

is OX 10' 6 gm. 

A. 152 0 cm. 


Reference 


Art. 134 


Art. 134 


Arts. 

129 & 134 


Art. 134 


Art. 134 


Arts. 134 


Art. 134 


Art. 134 
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Reference 
Art. 134 

Art. 134 

Art. 134 

Art. 134 

Art. 136 

Art. 137 
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31 . Due to the presence of a small quantity of air in the empty 
space above the top of mercury in a Torricellian tube,, the height of 
mercury column is 752 mm. when the atmospheric pressure is 762 mm. 
and 750 mm. when the atmospheric pressure is 759 mm. What is the 
true atmospheric pressure when the height of the mercury volume is 
710 mm. ? (Del. H. S.-1950) 


A. 716 nun. 

32. A tube 5 ft. in length, closed at one end, is half filled with 

mercury and then is inverted with its open end just dipping into a 
mercury trough. If the barometer stands at 30 inches, what will be 
the height of mercury inside the tube ? (Pat. U. 1952) 

A. 11-5 in. 

33. The length of the tube of a faulty barometer containing a 
small quantity of air is 31 inches obove the surface of mercury in which 
it is immersed. It reads 28 inches when the atmospheric pressure is 
2!) inches. Find its reading when the atmospheric pressure is 30 inches. 

(Utkal. U.—1953) 


A. 28-7 in. 

3 !. A barometer contains some air above mercury whose height is 
70 rm. Tile lop of (he barometer tube is SO era. above mercury level in 
l lu- cistern and the atmospheric pressure is 75 cm. of mercury. "What 
is lie atmospheric pressure when the mercury in the barometer reads 

07-5 cm.? (U- P. B.-10S2) 

A. 71*5 cru. 

35. A barometer reads 30 inches and the space above mercury is 
1 in. If a quantity of air which at atmospheric pressure would occupy 
[ in. of the tube, is introduced, what will be the reading of the baro¬ 
meter ? 

A. 25 in. 

36. The mass of a balloon when empty is 10*454 Icgm. When 
inflated with hydrogen, its volume becomes 35*5 X 10* e.c. If the 
density of the enclosed hydrogen is 0*000036 pm. per e.c. and that of 
I lie surroundine air be 0*0012214 pm. per e.c. find the additional weight 
v liich can be lifted by the balloon. 

A. 29*85 kgm. 



CHAPTER XII 

air pressure machines 

js. jssksa Sf-i a iHSvr t= 

works within the tube. With the piston at tts 
lowermost position, the nozzle dl P* UD ^ 6r a 
liouid When the piston is drawn up, a 
partial vacuum is formed within the cylin¬ 
der below the piston and so the atmospheric 
pressure acting on the liquid surface he- 
comes greater than the inside pressure. The 

liquid is therefore forced into the cylinder 

following the piston as the latter is raisot 
up. WhSn sufficient liquid has been drawn 
in the syringe is removed. Owing to tl e 
pressureof the atmospheric atr act.ng at 
fu R nox/le the liquid cannot escape. 1* 
nbton is now pushed down, the pressure 
inside becomes greater than the outside 
pressure and so the liquid is forced out. 

Au eye dropper or a fouutainjien filler 
works on the same principle as a s\rtrg 
The rubber bulb at the top on being pressed 
forces seme air te go out of the .»he.through 
noyyle If now the nozzle is put under 

liquid and pressure on the hull, is released 
the bulb regains its shape °*f*7th e roby 

inside space The pressure inside » thereby 

lowered and the requisite quart 9sur() Fig ,g 3 shows a pen 

liquid is sucked m to equah ^Jh ^ | mrre i B of the pen there is a 
with an automatic hller. with the capillary tuhe leading to the 

rub ber tube T m ^mnauoiestion w.th J pra8309 tho tube 

nib. A lever L hxod to the ».oe e| in ink and the lever 

a r e n .t!s°e r d e s 8 oTs whereby the ink is sucked in to 

up tah ° aB 6b0 7 ” tfjfn'in.o the human lungs. During inhalation the 
By the same principle a r expand whereby the internal pressure is reduc- 

musclcs of the daring exhalation the lungs csaitrae! and - >'«- - 



Fig. 192 Fit,'- 103 


tube 
is 
till 


c<l and s ° 

furt "' Pumps.—Pump is a class of maohines which 

transt S a region chow pressure to a region of high pressure. 
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Almost ©very type of pump consists of a large strong cylinder into 
which a suitable piston works air-tight. A complete to-and-fro motion 
of the piston is called a stroke. 

Valves.— The air pressure machines are provided with devices, 
called valves, which act as very light trap doors placed at the open¬ 
ings of discs or in connecting pipes of 
pumps. A valve allows the fluid to pass 
in one direction only but completly blocks 
the passage in the opposite direction. 
Valves differ in forms according to the 
purposes for which they are meant ; one 
may be a flat disc turning about a hinge 
on a disc (Fig 194, A & B). Imagine 
that the disc serves as the partition 
wall between two compartments. If the 
fluid pressure in the lower compartment exceeds that in the upper, 
there would he an excess force acting from below on the valve, which 
would then open out and allow some fluid to pass through the hole. 
But if the fluid pressure in the upper compartment be in excess, the 
door would bo pressed air tight on the disc and no fluid is allowed to 
pass through. Instead of the form of a flap door, a valve may bo of 
the type of t conical piece moving in a conical slot (Fig. 194, C) or 
c\'.u a light I ; 11 moving in a tapering bole. The form of valves, 
generally used in air pumps, consists of a strip of oiled silk stretched 
o\< r a hole (Fig. 194, D). A valve should he very light so that it can 
work , i. a smallest possible dillerence of pressures. 

\ 10. Common Pump or Suction Pump.—It consists of cylinder 
A;’ fJ'ig. 105), called the barrel within which a piston I J works sinooth- 
I t piston is made air tight within the barrel by a collar of soft 
or rubber strip. The barrel is connected at its lower end with 
■>. !c ng pipe whoso end is introduced into a reservoir from which water 

to be raised. There are two valves, both opening upwards, one of 
..'■VyjiBat an opening in the piston, while the other ^CJis at the 
..unction of tho barrel and the pipe. Near the top of the barrel there 
a spout E through which the water flows out. In the case of a hand 
pump, tbo piston is worked by means of a handle which works as a 
lever and is attached to tho piston-rod. 

Action.— Let us start with the piston at its lowest, position. During 
the upward stroke, the piston is raised against the atmospheric pressure 
and hence the valve V remains closed. The space below tho piston 
therefore increases and the pressure inside falls. The valve C is opened 
by tho excess of pressure of the air inside the pipe aud so this air 
partly oncers into the barrel. The pressure of the air inside the pipe 
and the barrel becomes less than the atmospheric pressure and so 
water from tho reservoir is sucked up into the pipe. This sucking is 
continued till the piston reaches the top-rno-t position. During the 
course of suction some water may even reach the barrel. 






Fig. 194 
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During the down-stroke, the air within the barrel below the piston 
is compressed due to which the valve C becomes closed. When the 
inside pressure becomes greater than 
the atmospheric pressure, the air 
inside the barrel pushes the valve V 
open and escapes through it. Air 
continues to escape through the upper 
valve till the piston reaches its lowest 
position, the valve C remaining closed 
all the while. If some water has been 
raised within the barrel during the up 
stroke, this water finds its way above 
the piston through the valve V. 

During the next up-stroke, the 
valve V remains closed duo to atmos¬ 
pheric pressure and pressure of any 
water above it, while due to the 
vacuum produced above the valve C 
it opens and water is forced into the 
barrel. The water above the piston 

flows out through the spout E (Fig. , . 

196). It may often be necessary to work the piston a few tunes to dnve 

off air from inside the pump and hence to got the first supply of vater 
When once a )ie 7 watr7s 

ZTti touted 0 JVeaUy'V»od up', by the atmospheric 

pressure. 

Limitation of the Suction Pump.- Since water is raised by the 
atmospheric pressure, the height of the piston above he surface of 
of water in the reservoir must not exceed that of the water harometor 
te., about 34 ft. But as the valve has some weight and the piston 
is not perfectly air-tight, the difference in height is found to bo slightly 
less. Moreover the pump gives an intermittent flow of water, supply 
being made during every up-stroke. 

This pump is now being widely used in the tube wells If not used 
for sometime the valve in the piston may not remain perfectly air- 
tight owing to the leather collar being dried up and water would not rise 
un in the barrel. In this case some water is to be poured into the top 
of the barrel before using tbe pump. This would make the piston move 
air-tight and thus help the quick starting of the pump. 

141 Lift Pump.—This pump is used to raUe water to any desired 
hflicht ’ It is only a modification of the common pump haying a third 
valve Va (Fig 197) opening upwards at the junction of the delivery 

pipe and the barrel. 

Action —Suppose the piston is at its lowest position and that water 
has already reached upto the top of lower pipe T after some strokes. 
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V] 

V. 




t 

K 


R 



DuriDg the up-strobe, as the piston is raised, the valve V l opens due to 

the partial vacuum created within the barrel while the 
valve V, remains closed due to the excess pressure above 
it. As air within the cylinder above V 3 is compressed, 
valve V 9 is opened and air escapes through the pipe 
into atmosphere. The pressure mside falls and water is 
raised into the barrel. During tbe down stroke, the 
pressure inside increases and tbe valve remains 
closed, while the valve V 2 opens and the water passes 
into the space above the piston. During the next up 
stroke, a fresh quantity of water is drawn into the barrel, 
while the water above the piston opens the valve Vs 
and passes into the pipe above. As this process is 
repeated more and more water is forced up the tu e 
through the valve V a . 

It is evident that during the down-stroke of the 
piston, the valve V 8 supports the weight of the column 
of water within the pipe above and so relieves the valve 


Mf 


i 


Fig. 107 


H 


,11 


V* of this weight during this period. By this pump water can be 
raised to any height, provided the different parts of the pump are 
strong enough to hour the strain caused by the weight of water above. 
It is important to remember that since the collection of water within 
the barrel depends upon suction, the barrel must be so placed as to be 
within 34 ft. from the water surface of the source. 

142. Force Pump. — It consists of the strong barrel AB (Fig. 198) 
fitted v'irh an air tight solid piston P and provided 
with a pipe at the bottom, which dips into the 
r s, , voir of water. There is a strong valve C open- 
i, ,= upwards at the junction of the barrel and the 
lower tube. An outlet pipe E is fitted to a side close 
to the bottom of the barrel and at the junction 
there is another strong valve D opening into the 
pipe. It also works under a similar principle as a 

lift pump. 

Action.—As the lower pipe by tbe first few 
strokes is exhausted of air. the level of water reaches 
upto the valve C. During the next upstroke of the 
piston, pressuro inside the barrel falls, the valve D 
remains closed by tho atmospheric pressure while 
the valve C opens and water is forced into AB. 

During the doun stroke the pressure inside increases, 
the valve C closes while the valve D epens and water 


\Y 



Fig. 198 


LtlL' > LL i > U ^ - -— *•- 

is forced up the tube DE. Thus during each successive up-stroke, a 
quantity of water rises into the barrel, while the valve D remains clos¬ 
ed due to the back pressure of the water within the pipe E ; and during 
each down-stroke, the water is forced into the outlet tube, the valve C 
remaining closed. Like the lift pump, this instrument also can raise 
water to any height, depending on the strength of the machine and tho 
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force applied at the handle. Here also the output is intermittent, water 
flowing out during the down-scrokes only. 

Arrangements for Continous Flow.—The output can be made 
continuous by having an air-chamber R (Fig. 199) into whieb the 
outlet tube directly passes. The delivery tube leads into the chamber 
at its upper portion and reaches nearly to the bottom, while the upper 
end of the tube leads up to the required height. 

Action.—During the up stroke, the water rises into the barrel 
while the valve C at the bottom of the barrel remains open, the valve 
D remaining closed. During the down-stroke | the pressure inside 
increases; so the valve C remains closed, while the valve D opens 
and water is forced into the chamber R. H the pump is rapidl> 

worked, then during the downward stroke along with the ai&chxrge o 

water from the delivery tube, some water collects into the chamber so 
that the air in R is compressed. During the upward stroke of the 
piston, the valve D remains closed but the compressed air in the 
chamber li expands and thus forces the water to flow out of the deli¬ 
very tube. Thus a continuous flow of water iua\ bo maintained. 



is 



Fig. 199 

Fire Engine.—This 

used to throw a continuous 

etroarn of water at a place - 

on firo which may be at a great height or at a large distance from the 
source of water. In the earlier typo, a continuous flow was maintained 
with the help of an airc-hambor, as ju6t dosoribod. In the present 
form, the fire engine consists of two force pumps, the barrel of which 
is connected to a common air-chamber (Fig. 200). Both the pumps 
draw from a common reservoir , when the piston in one movos down, 
that in other moves up and vice versa. The delivery tube is fitted to 
a lateral aperture in the air chamber. The action of the piston is 
likely to stop momentarily at the time of reversal but the continuity of 
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the flow i 3 maintained by the air-chamber. The latest type is operated 
by a petrol motor or electric power. 


Example :— 

1. Water is pumped up from a well through a height of 30 ft. by means of 
6 H. P. motor. If the efficiency of the pump is 85%, find in gallons tli 2 quantity 

of water pumped up per minute. One gallon of water weighs 10 lb 

(Gau. U.—195x) 

A. Since 1 II. P.= 3S000 ft. lb. of work per minute, a 5 II. P. motor can, 
do 105000 ft. lb. of work per minute on the pump. 

work done by pump __ 85 

But efficiency of pump _ -^“doiie on pump ~~ % ~ 100 

Work done by pump per minute = 165000 X = 140250 ft. lb. 

Let x be the number of gallons of water raised through SO ft. in one minute by 
the pump. Then work done = 10 x X 30 ft. lb. 

whence x — 4G7’5 gallons per minute. 

143. Siphon.—It is used for transferring a 
liquid from one vessel into another when the 
whole mass of the liquid is not to be disturbed 
or when the ordinary method of pouring the 
liquid is not convenient or desirable.'i 

The siphon consists of a bent tube CB 
usually of glass. (Fig. 201) open at both ends 
and with one limb longer than the other. The 
tube is first filled with the liquid to be trans¬ 
ferred. Having temporarily closed both the 
ends with fingers, the shorter limb is introduc¬ 
ed into the liquid contained in the vessel A, 
while the longer limb project outside into 
another vessel with its end below the level D of 
the liquid. On now opening the ends, the liauid at once begins to flow 
out of the longer limb in a continuous stream. 



Principle of Action. —The start of the flow may be explained in 
the? following way. Let C and B he two points in the upper part of the 
tuba and A, D the levels of liquid in the vessels. 

Let the atmospheric pressure at the time “P 

vertical heights of C and B above D and A respectively «■ h,h' 

density of the liquid in the vessel “P 

Then static pressure at C =■ P - hpg and that at B — P - h'pg 

Now as h> ti, pressure at B^>pressure at C. 

Hence the liquid begins to flow from B at a higher pressure to 0 at 
a lower pressure. Dae to the motion of some liquid from B a partial 
vacuum is created and fresh liquid is forced up to B by the atmospheric 
pressure. Thus a continuous flow is maintained, the shorter limb of 
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•course remaining under liquid. In case the end of the longer limb dips 
below a liquid, h' is measurod from the surface of the liquid D in the 
vessel. When the liquid is in motion, the pressures at B and C change, 
although the former remains higher than the latter (vide Art. 159). 

Conditions for the Working of a Siphon.— 

(1) The level of the liquid in the vessel to be emptied must bo 
higher than that in the other. For when h^h', the pressure at C = the 
pressure at B and water would not flow from B to C. Hence the siphon 
ceases to work when the levels of the liquid in both the vessels becomes 
the same. 

(2) As atmospheric pressure forces up the liquid into the shorter 
limb, the height h' of the top of the siphon above the liquid in the 
vessel to be emptied must remain less than the height of the corres¬ 
ponding liquid barometer. 

(3) The siphon would not work in vacuum, as the atmospheric 
pressure can not work therein. 



144. Applications of a Siphon. — A siphon may also bo used 
to produce an intermittent flow of a liquid. 

This is illustrated in the following cases. 

Tantalus’ Cup.—It consists of a cup in which 
a siphon is placed concealed within the bust of a 
man, representing the King Tantalus (Fig.202). The 
siphon is so placed that its bend is just below the 
level of the lower lip of the figuro. The shorter 
limb ends near the bottom of cup, while the longer 
limb just passes out. As water is poured into the 
cup, the level gradually rises both in the cup and 
in the shorter limb. As soon as the water reaches 
the top of the bend and is about to roach the lips, 
it begins to flow out. If the supply of water is 
then stopped or if it flows out at a faster rate than Fig. 202 

it is supplied, the level of water gradually sinks into the cup until it 

goes below the end of the shorter limb ; 
the siphon now empties itself and the action 
stops. If water is supplied again, the same 
process is repeated ; 60 water never reaches 
the lips of Tantalus, thus keeping him 
thirsty as ever. 

Automatic Flush—The principle is also 
utilised in automatic flushes often fitted in 
public latrines, etc. A siphon is fitted inside 
a tank and the longer limb passes out (Fig. 203). 
A stream of water flows into the tank and 
its level gradually rises. Ultimately when 
the level of water roaches the bond, the siphon 
begins to work and the water flows out in a 
Fig. 208 powerful gush till the levol goes below the 

end of the shorter limb. 

G—16 
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Example s— 

1. A lull cylinder 90 cm. in length is full of mercury. What is the .greatest 
depth of it which can be emptied out by means of a siphon, the barometric height 
being 750 mm. of mercury. vr* U. 10- ) 

A. The siphon can work till the height of the mercury column in the shorter 
tube above the mercury surface is not greater than 756 mm. Hence placing the 
bend of Hie siphon on the upper edge of the cylinder, mercury can be removed from 
the cylinder to a depth of 756 mm. 

145. Water Jet Pump or Filter Pump.— This is one of the 
simplest forms of an air pump. It is ordinarily made of glass. The 
side tube C (Fig. 204) is connected with a rubber tubing; to the vessel 
to be exhausted, while the end T is also connected, by a rubber- 
tubing to the water mains, the pressure of wbich should remain 
constant. As a strong jet of water is forced out of the narrow 
mouth of the nozzle J at a very high speed, it entangles some of the 

air surrounding the narrow nozzle and carries it 
down the tube due to viscous friction. A partial 
vacuum is thus produced and so air is sucked from 
the vessel connected to it. The filter pump may 
produce a pressure only as low as 7 mm. of mer¬ 
cury and it is therefore not used when a good 
vacuum is required. It is however very simple, 
economical and convenient, requiring very little 

attention. 

A modified form of pump, known as Sprengel 
pump, had its origin from the principle of action of 
such a iet pump. This modified pump was de¬ 
vised in 1865. Mercury is allowed to fall through 
a delivery tube in drops being controlled by a pinch 
cock. From near the top of the fall tube, a side 
tube is connected to the receiver which is to be 
evacuated. By this means, as drops of mercury 
trickle down, small quantities of air entrapped bet¬ 
ween successive drops* aro continuously swept 
out. With proper care and modification, a Sprengel 
pump is capable of producing a pressure of 10" 4 
Sir William Crookes used such a pump in his 



Fig. 204 


mm. of mercury. — , , 

memorable investigations on radiometers and discharge tubes. 


146. Air Pump (or Exhaust Pump).—The firfet mechanical air 
pump was conBtruoted by Otto Von Guericke in 1650. The air pump 
consists essentially of a cylindrical metal barrel AB (Fig. 20">)» 
provided with an air-tight piston P, which can be moved up and down 
by means of a suitable handle. The pipe CD at the bottom connects 
the barrel with a vossel called the receiver R from which air is to be 
exhausted. The receiver may he well greased and fixed air-tight on a 
fiat circular disc EF, called the plate of the pump. There is a valve 
V in the piston and another at the junction of the barrel and the 
pipe CD, both of which open upwards. To indicate the pressure 



ART. 146 


AIR PRESSURE MACHINES 


243 


within the receiver, a manometer may be connected to the tube CD by 
a side tube. 

Action. — Let us start with the piston at its lowest position. During 
the up-stroke, as the piston is drawn up the valve V is closed due to 
excess pressure at its top. The air in R in expanding opens the valve 
a and enters the barrel. During the down stroke, the air in the barrel 
below the piston is compressed. The inside pressure therefore 
increases, due to which the valve a becomes closed When the 
inside pressure becomes greater than the atmospheric pressure, the 
valve V is pushed open and the air from inside goes out. 

During the next up stroke, the air remaining within the receiver 
again expands, the valve a opens and a fresh quantity of air from the 
receiver fills the barrel, the valve V remaining closed all the time. 
Thus during each up-stroke the barrel is filled with some amount of 
air from the receiver, which is let out during the next down-stroke. 
As the operation is repeated, the receiver is more and more exhausted. 
This goes on until the pressure of the air left in the receiver becomes 
too weak to open the valve a ; the limit of exhaustion attained by the 
instrument is then reached and any further evacuation stops. 

The action of the pump with a single barrel is evidently intermittent. 
To make it continuous, a doublo-barrelled pump, (Fig. 20G) for example, 
Hawksbee's air pump, is used. The two pistons P and P are simul¬ 
taneously worked by a rack and pinion arrangement Iv, connected 
with a lever rod MN so that when one of them goes down, the other 
moves up The barrels are connected to a common tube leading to the 




Fig. ‘206—Air Pump 


Fig. 206—Double-Barrel Pump 


receiver. Thus air is taken out continuously and consequently tho rate 
of evacuation becomes twice as rapid as in a pump with a single barrel. 
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Degree of Evacuation.—The pressure and the density of air with¬ 
in the receiver continuously fall off as the pump is worked. The 
following calculation shovrB how pressure and density change with 

the number of strokes.— _ . 

Let the volume of the receiver, including that of the pipe CD — V 
volume of barrel between extreme positions of piston 
density of air initially in the receiver — P 

At the end of each up-stroke a volume V of air expands to occupy a 
volume (V + i>) and is thus reduced in density. Let the density of the 
air at the end of the 1st up stroke be p x . 

V 

Then, Vp“(V + v)p x whence P x “ y~+v P 

At. the end of the next down-stroke, the air in the barrel escapes 
above the piston through its valve and a quantity of air of volume V 
and density p x is left in the receiver. At the end of the 2nd up-stroke, 
this air of the reciver expands to a volume (V + v) and thereby becomes 
reduced in density to p 2 say,— 

Then Vp x - (V + v)p~ when P» = -y-^Pi - ) P 

Proceeding in this way, it can be shown that the density of air left 
in the receiver ufter n strokes is given by 

* - (14fU) 

If the temperature remains constant, Boyle’s law holds good and 
the prossure becomes proportional to density. So if P be the initial 
pressure of the gas in the receiver and P„ be the pressure of the gas 
loft in the receiver after n complete strokes then, 

- (vr 0 )" p -( 146 ' 2 > 

From mathematical standpoint, since V/(V + v) is a quantity less 
than unity, the higher is the value of n, the less becomes the right side 
expression of eqn. (146.2), but it cannot practically attain a zero value. 
A high degree of evacuation can, however, be attained with a good 
pump after a sufficient number of strokes. But in fact, with a mecha¬ 
nical air pump, as described above the valves become more or less leaky 
at lower pressure. Moreover the valves have some weight and at a 
certain stage of lower pressure, the air pressure of the receiver is unable 
to open the first valve. It is at this stage that any further evacuation 
by the pump ceases. 

Examples :— 

I. After four strokes the density of the air in the receiver of an air pump is 
found to bear to its original density the ratio of 256 to 625. What is the ratio of 
the volume of the barrel to that of the receiver ? (C. U.—1923) 

A. Let the volume of the receiver and that of the barrel be V and v. 


or 


V + v 



1 

4 


Then 


‘266 _ | V \ 
G25"" 'V + t> ' 


5 


whence 
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2. The barrel of an exhaust pump has half the volume of the receiver to be 
evacuated. Find the pressure in the receiver after I complete strokes, if the original 
pressure was 70 cm. of mercury. (Mys. U.—-1952) 

A. If P n be the pressure of air in the receiver after nth stroke, V and v the 
volumes of the receiver and the barrel of the pump, then neglecting the volume of 
the communicating pipe, and assuming the starting pressure to be P. 

p " = (vT y ) p “ (v+Tv) x76=1 (“f ) 4 *™“15cm. of Hg. 

8. The volume of the receiver of an air pump is 1250 c.c. and that of the 
barrel is 250 c.c. If the original density of the air in the receiver to 0-001293 
gm. per c.c. find the density after 10 complete strokes. Find also the mass of air 
removed from the receiver. 

A. Let the density of air the receiver after 10 storkes = p / 

*■"» *' - (iiio + MO ) * ° 001298 " (T) * 0 001293 

Taking logarithms, log p' — 10 (log 5 — log G) + log 0-001293 
logp'= - 0*792+8 111 6 “1*2080+ 8*1116“ 4 8196 whence / = 0 0002087 

So moss of air removed = 1250 (0-001293— 0-000208) gin. = 1*356 gm. 


147. Guericke Pump. —An improved piston type of an air 
pump consists of a barrel C with a side tube E to bo connected with 
he receiver (Fig. 207). The tube communicates with the barrel through 




Fig. 207 Fig. 208 

a number of port-holes PP. The piston L is provided with an oil valve 
at the bottom and is screwed rigidly with a rod D. This rod passes 
through a valve R and is connected to a lever by which motion may be 
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imparted to the piston. The actual apparatus is shown in Fig 208. 
The piston rod is sometimes connected externally to the flywheel W and 
by rotating the wheel a continuous up and down motion of the piston 
may be obtained. To make the junctions air tight, a thick layer of 
heavy oil is preserved on the piston and on the valve R. The valve R 
is kept pressed downwards by a spring HH. 

The receiver is connected to the inlet pipe E. When the piston is at 
the bottom, the air within the receiver expands into the barrel through 
the port-boles But when the piston is raised up, the air within the 
barrel is isolated from the receiver, and this air is gradually compressed 
till at the top-most position the piston, pushes the valve up to. make 
space for air to escape. When the piston is moved down a bit, the 
spring closes the valve R and the space within the barrel is cut off from 
atmosphere. When the piston is at the lowest position, the air within 
the receiver again finds its way into the barrel through the port-holes. 
In this way by the continuous up and down motion of the piston, air 
is intermittently taken out of the receiver. 

148. Toepler Pump.— The apparatus, originally designed by Toepler 
in 1862, consists of a glass bulb B to the ends of which two vertical 
barometer tubes F and G, each about 32 inches long are connected 
(Fig. 209). The tube F is narrow and of about 1 millimetre bore and its 
lower end, which is usually bent upwards, is dipped into mercury con¬ 
tained in a vessel K. The wider tube G has 
got a bend at its lower part and is connected 
to a short piece of glass tubing T. One end 
of stout pressure tubing is connected to the 
base of this short tube while its other end 
is connected to a reservoir M containing 
mercury. A side tube connected with the 
bulb B at C leads to the receiver R through 
an enlarged part iu which a small glass 
heed L acts as a valve by not allowing 
mercury to run into the receiver. In 
original Toepler's machine, there was no 
valve but the part CE was a vertical tube of 
glass of length of about 32 inches This 
attachment made the apparatus about 8 ft 
in height, but the provision of the valve has 
made the apparatus about 5 ft in height 
with a greater ease of operating the machine. 
The receiver is connected very carefully with 
leak tight pressure tubing. 

At the start the receiver, a part of the 
tube G, the bulb B aud the whole of the tube 
F are full of air at atmospheric pressure, 
lug. 209 The ro3ervo ir M is gradually raised when 

the mercury level in G gradually rises slowly compressing air at differ- 
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ent parts of the apparatus. When M .8 raisedI to such a he ght that 
the mercury level enters the hulh B and .s just above the point C then 
the air within the receiver R is cut off from the air within R and F 
On now raising the receivoir still higher, the glass valve L float,n on 
merourv closes the passage to the receiver while mercury leiel in B 
rises and forces air to pass to the atmosphere throughi the mouth U- 
Actually mercury is allowed to run down through F to drive off last 

traces of air in this region. 

Tho reservoir is now lowered and the mercury level in B 
comes down to leave a vacuous space in it. When the level of n^oury 
comes below C. the air within the receiver expands to fall the 
vacuous space in 13. Again the reservoir is raised to cut off air in 1> 
lod ultimately to drive air out of U. Thus lowering of mercury love 
below C establishes a communication between B and R. and a pa 
oloW ’ ® Q * j" into 13 and raising of the level of mercury to the extent 

that^rnercury falls through the tube F. expels this air to the atmosphere. 
Tims with a continued operation more and more a.r from the recener 
discharged to tho atmosphere and so the pressure within the receuer 
d oJufvn The mercury in G plays the part of air tight piston and 
lowers • p nliys the part of tho valve in not allowing 

mercury in the fall tube ' R ther e is an intermittent stream 

atmospheric a.r to enter Uie Mb ' * * (a|l tube> mercury gradually 
of mercury running down b tQ , )e ourod back into M from 

collects within he vesselKand- 80 be, we can get a 

tim e to tune. .» the pump is very slow. Lord 

good vacuum required the wholo of the morning to evacuate 

Rayleigh s n es• . ' H owovor slow might he the operation, 

th r e eC p rp r .S Cpabi: Zvoduciog a pressure of the order o, .0" - 

of mercury. . . .. 

14<» Rotary Hyvac Pump.-This type of the pump, originally 
. \ , r- i qo 7 dpnonds for its working upon a continuous 

<,e tTo e n 3 a cyhnder wlthra suitable chamber (Fig. 210). The ins- 

Irmuent consists of a hollow cylindrical body of iron having two open- 
ings near each other at the top. Of these, the one called the inlet 
port I is provided with a pipe projected vertically upwards which can 
b° connected with a rubber tubing to tho vessel to bo evacuated. Ihc 
other ctiled the outlet port O. is provided with a valve such that any 
° contained within the cylinder may pass out but nothing can come 
within Tho inlet and the outlet ports are located on either side of a 
movable, air-tight vane S kept pressed by a lever L and a spring. The 
b olid cylinder within the hollow cylinder is rigidly fixed to a shaft 
a „d can he rotated eccentrically about an axis.. With the revolution of 

the inner cylinder, a rotatory contact is maintained between the solid 

and hollow cylinders and the vane is always kept pressed on tho inner 
cylinder The complete picture of a rotary pump is given in big. 211, 
in which there are two pumps side by side, working on the same shaft 
and enclosed within a rectangular metal box. 

The principle of action of the instrument is as follows. When the 
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solid cylinder in course of rotation occupies the position as shown in- 
Fig. 212 it closes the outlet port and the inlet becomes just open. Tho 
gas from the receiver expands within the crescent shaped space M. The 
next stage is shown in Fig. 213 when the expanded gas is cut off - 
from the receiver into the space M. At the third stage, the cylinder 
gradually compresses the gas within the diminishing space M and also 



Fig. 210 Fig. 211—Rotary Hyvac Pump 

allows air from the receiver to fill in the space N (Fig. 214). At the 
fourth stag- of oporation, all entrapped gas is pressed out through the 
outlet port (Fig. 215). Thus with continuous relation the gas is gra¬ 
dually transferred from the receiver to the outside atmosphere. The 
"hole tip; iratus is immersed in machine oil in a rectangular metal box 
B so is t j make it air-tight and isolate from atmospheric air. 



Fig. 212 


1 ig. 218 


Fig. 214 


Fig. 216 


It is evident from the principle of pumping that with each revolution 
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of the shaft, the amount of gas occupying the volume M is forced out 
into atmosphere. So it is not possible to make the receiver absolutely 
vacuous, but the limitation of pumping depends upon the difference of 
pressures acting on the valve at the outlet. If the pressure outside the 
valve is the atmospheric pressure, as in the case when a single pump 
is worked, it can evacuate a gas upto a pressure of 10'“ mm. of mercury. 
But if the pressure outside the valve is kept lower than the atmos¬ 
phere, the degree of evacuation is much higher. For this reason a 
‘two stage’ pump is frequently used. The brat pump or the fore-vacuum 
pump creates a pressure of 10'“ mm. of mercury just before the outlet 
of the second pump which is, connected to the receiver. Such a two- 
stage pump as shown in fig. 211, can evacuate down to a pressure of 
10'* mm. of mercury. 

Units for Low Pressure.—Since any rough suction pump is able 
to evacuate a receiver to a pressure less than that duo to a column of 
mercury of height of 1 cm., it is customary to denote such a pressure 
in terms of height of mercury in millimetres. Thus one millimetre 
height of mercury corresponds to a pressure of 1333 dynes per sq. cm. 
taking density of mercury to be 13*59 at 0 C and g = 9H0 G at latitude 
45°. Moderately low pressure is measured in terms of micron (//) 
of mercury which is 10' 3 mm. of mercury (1.33 dynes sq cm.) and 
very low pressures are measured in terms of a millimicron [y/ij which 
is 10'° mm. of mercury. For example, a pressure of 000031 cm. is 

equivalent to a pressure of 31 /*!* of mercury. . 

*150. Vacuum Brake System.—Air pressure is conveniently 

utilisod ’ to arrest the motion of automobiles whenever neces¬ 
sary. Fig. 216 represents a "vacuum brake" system sometimes employed 
in railways and tram cars. Stout curved pieces of steel called brake 
shoes” S are fixed near the rim of every wheel with a very small 
clearance betweon them under normal condition. Those shoes can be 
operated by a system of lovers L and M and can bo pressed bard on the 
wheols. The mechanism of action of the levers is as follows. 


T 


S 


Fig. ‘2J6—Vacuum Brake System. 

Within the chamber C, known as the vacuum chamber placed under 
the carriage, there is a piston P dividing C into two compartments. A 
ball valve V fitted at one corner of the piston (shown enlarged in 
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Fig. 217) allows air to pass from the upper to the lower compartment 
but not in the reverse direction. The piston moves over a rubber ring 
G and is so air-tight. The lower compartment is connected, to a system 
of pipes TT running through every bogey composing the train. This 
pipe is called the train pipe. One end of this system of pipes is closed 
and the other end is connected to a suction air pump fitted at the 
engine. When the pump of the engine is worked continuously, a partial 
vacuum is produced within both the compartments of the vacuum 
chamber of every bogey. The woight of the piston and its accessories 
is sufficient to lower the piston P down. A downward displacement of 
the end M of the piston rod causes the end O of the lever to move to 
the left side and to make the wheels free from brake pressure. 

The valve E connected with the train pipe cm be opened by pulling 

a chain provided within the bogey, called 
the alarm chain. When the alarm chain is 
pulled, the valve E is forced open and 
immediately the lower compartment of the 
vacuum chamber is filled with air pressing 
the piston up. The upward motion of the 
piston works the lover in the opposite di¬ 
rection forcing the brake shoes on the 
wheels. For an indication, a flat bar is 
coupled with the chain in every bogey and 
this bar projects out when the alarm chain has been pulled from it. 
Once the alarm chain is pulled from a train, it*takes somo time to re- 
ovacuate the chambers before the engine can start again. A small dis¬ 
placement of the ond of the lever O to the right pulling the lever rod 
L for brakes to work is shown in Fig. 217. 

The ‘Westing house’ automatic brake, similar in principle work3 by 
compressed air which pushes the pis'on up when a valve is released. 
Air is compressed under high pressure in a reservoir under the engine 
and this reservoir is connected to the train pipe through a valve. The 
opening of the valve fills the lower compartment of the chamber C with 
air at high pressure raising the piston and pressing the brake shoes on 
the wheels. To release the brake another valve is opened and this 
compressed air escapes to atmosphere lowering the piston. The usual 
‘hissing’ of the electric tram cars at the time of start is duo to the escape 
of compressed air to the atmosphere through the release valve. 

151. Condensing or Compression Pump.—This is used for com- 




Fig. 218—Compression Pump 

pressing air into a closed vessel called the receiver. It consists of a 
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barrel AB (Fig. 218), provided with an air-tight piston P, which can he 
moved in or out by a suitable handle. The end of a barrel may be 
connected through a stop-cock to the vessel into which air is to be com¬ 
pressed. The stop-cock is closed when the required degree of compres¬ 
sion has been attained The piston and the end of the barrel are provid¬ 
ed with valves E and F both of which open towards the receiver. 

Action. —Let us start with piston at the end of the barrel towards 
the receiver. As the piston is drawn out during the backward strode, 
the space between the valves E and F increases so that the pressure 
therein falls. The valve F is immediately closed owing to the excess of 
pressure of the air in the receiver. The atmospheric pressure opens 
the valve E and the barrel is tilled with air at the atmospheric 

PreS As tbe piston moves inward during the nest forward stroke, the 
air within the barrel between the valves is compressed. The ins de 
pressure becomes higher than the atmospheric pressure whet. the_ valve 
E is at once closed. When the pressure within the barrel become* 
greater than that ol air in the receiver, P is pushed open and the air 
in the barrel is forced into the receiver. Thus at the end of each 
outward stroke, the barrel is filled with some air at the atmospheric 
Dressure which during the next inward stroke is forced into the 
receiver Therefore the density of air within the receiver becomes 

higher and higher with number of strokes. 

Decree of Coinpression.-The density and pressure of air in the 
receiver after a number of strokes can be calculated in the following 

way.— . 

Lot the volume of the receiver with that of the connecting tube 
volume of barrel between extreme positions of tho piston 
density of atmospheric air at the time 
density of air within tho receiver after n strokes 

Supposa tho air in tho rocoivor ha, initially the same pressure and 
density as those of tho atmospheric air. It is evident that at the end 
of each forward stroke a quantity of air of volume v and density P and 
so of mass vp is forced into tho receiver. 

Now mass of air initially within tho receiver 
Maos of air forced into tho receiver by n strokes 

Total mass of air iu tho receiver after n strokes 

As the volume of the receiver remains equal to V,— 


V 

v 

P 

Pn 


~\V 
*= nvp 
- Vp + nvp 


( nv \ 

"V pn - Vp + nvp whence Pn - ( 1 + y ) 


It 


(151,1 ) 


Again if the temperature remains constant during tho time, Boyle's 
law holds good and so the pressuro is proportional to tho density. 
Hence if the pressure of air initially in the receiver he P and that of 
the air inside after n strokes bo P„ then, 



• • • 


(151.2) 
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If the air in the receiver was initially at the atmospheric pressure, 
then the pressure of the air inside after n strokes is 




^ atmospheres. 


152. Different uses of a Condensing Pump.—The ordinary foot¬ 
ball inflator vFig. 219) is a common example of condensing pump- 
Within a barrel works a piston N connected with the rod R to the 
handle II. The valve at the piston head is replaced by a cup-shaped 



Fig. 219 Fig. 220 

disc of leather, called cup valve or washer. The piston disc is a little 
smaller than the barrel of the pump. During the inward stroke, the 
washer expands due to the compressive loaction of inside air and tits 
air-tight within the barrel. When the pressure of the compressed air 
within the barrel becomes higher than the pressure within the receiver, 
a light ball valve V at the nozzle of the pump moves to the right to 
make room for air to pass into the receiver. A perforated diaphragm 
D dou3 not allow the ball valve to move too far. During all the time 
of the inward stroke, air from outside enters into the left part of the 
barrel through the port-hole of the handle. During outward stroke 
(Fig. 220), the volume of the enclosed air within the receiver in 
trying to expand forces the ball valve to sit air-tight into the conical 
bole and so entrapped air cannot leak out. The space between the 
piston and the nozzle becomes partly vacuous. The atmospheric air 
then forces its way through the corners of the washer filling up the 
space. For the next inward stroke, some air is again forced into the 
receiver. 

Fig. 221 shows a bieyole intlator, which is essentially the same aa 
a foot ball intlator, but instead of a valve at the nozzle O of the pump 
there is a separate attachment of an air-tight valve-tube as shown in 
Fig. 222. The compressor as usual consists of a cylindrical barrel B, in 



Fig. 221 



which works a piston N with its leather washer W, a fixing disc G and 
the piston rod R with its handle H. The nozzle is provided with a screw 
thread to which the screw’ cap of a short rubber tubing can be fixed air¬ 
tight. The other end of this tubing is screwed to the end C of the 
valve tube permanently attached to the tube of the wheel. The valve 
tube (Fig. 222) consists of a narrow metal tube TJ closed at the extreme 
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end and having an opening E at its side. It is preserved in an outer 
metal casing T. There is a rubber cylindrical jacket It covering the 
valve tube. 

When the pressure of the compressed air forced by the pump into 
the space around C exceeds that on the other side of the rubber cylinder, 
the flap of rubber at the opening E is raised up and air is admitted 
into the tube. But when the handle H is drawn out, the pressure 
around C falls and air from the tube of the wheel, in an attempt to 
force its way through E, tightly presses the flap on the hole and closes 
the opening. Hence with a continued operation of the handle, more 
and more air is pumped into the tube. This inflated tube rests within 
a thick India-rubber tyre called, the pneumatic tyre. The com¬ 
pressibility of the enclosed air helps the wheels to pass undeviated 
over obstacles ; while due to the expansibility of air, the tyro regains 
its original form after being depressed. 

Air Cushion.—This consists of a hollow hag of rubber sheet with 
a small mouth at one side fitted with a stop-cook By means of a 
condensing pump air is compressed into 
the bag to the required exteot when the 
stop-cock is closed. Owing to its com¬ 
pressibility and expansibility the enclosed 
air serves as the cushion. An air-gun 
may be regarded as a condensing pump 
without any valve. By a mechanism, the 
air in the barrel is suddenly compressed. 

This air when released works upon a 
spring which throws out the shot. 

Oil Stove. — In stoves and various 
lamps in which oil vapour burns, the oil 
pot is designed to leave some space above 
the oil level. A small condensing pump 

P ie fitted with the pot (Fig. 223). Thero is an air tight key K. wmcii 
can keep air entrapped within the pot when necessary. Air being 
pumped into the pot huhblos through the oil and is stored at its upper 
part. The pressure of air forces tho oil to rise along the pipe N to the 
jet-tube J. There is a coiled wire gauge within the tube, through which 
the oil has to run up. If this wire gauge is sufliciently heated before tho 
first circulation of oil, then the oil in course of reaching tho jot is con- 
verted into vapour. Tho oil vapour rebounds at tho burner 13 and 
circulates within the funnel. Tho boat of tho burner is sulliciont to 
ignite the vapour which burns at its mouth. 

Compressed air is used in spray painting, in driving boring 
machines, propelling torpedoes etc. The soda-water machine is prac¬ 
tically a condensing pump Carbon dioxide gas is taken from tho reser¬ 
voir in which it is generated and then forced into a bottle containing 
water. The gas ie absorbed by the water, which is said to he aerated 
and this water is called soda water. All tho machines described in this 
Article work on tho principle of utilisation of the power of air. 
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153 Diving Bell.-It is used to enable a diver to go down to a 
great depth under water to lay the foundation of pires or do some such 
work there. It consists of a heavy cylindrical or bell-shaped iron 
vessel A with rigid walls, closed at the top and open at the bottom. 
(Fie 224) There is a platform attached inside the bell on which the 
worker can take his seal. It is lowered into water by means of chains 

C with the open end downwards, and it sinks under 
its own weight. The air inside is compressed and 
water rises slowly inside. Thus taking the height of 
the water barometer as 34 ft., the air inside the bell 
would be under a pressure of 2 atmospheres at a 
depth of 34 ft. and so its volume would be reduced 
to half. Evidently this will be inconvenient for the 

workmen inside. 

Now-a-days to keep down the water to a conve¬ 
nient level inside the bell and to supply the workmen 
freely with fresh air. air is pumped into the bell 
through the tube P at its top by a condensing pump 

1 . >a . ,1 g n — Y-Y-1 a WAV 



Fig. 224 


w Mirouen tnu tuuo x a.w — - - - 

above. A eeoond tabs leading from the bell to the surface carries away 

the foul air from inside. 

Examples :— 

l The Inrrel nud receiver of a condensing pump have capacities of 7.3 c.c. and 
1000 c.c. tpXU'. How many ,roUes will he re ? uired U, -se^he P-™* 
the air in the receiver from one to four atmosphere . (C. I. , l.au. u 

A. Let the required numlrcr of -trokes be n. 

Then 4- ( 1+ figj) whence*-40 

a A bottle whose volume is .300 c.c. is sunk mouth downwards below the sur¬ 
face'if a tank containing water. How far must it be sunk for 1U0 c.c. of water to 
run up into the bottle? The height of the barometer at the surf ^ of t ^^ 
is 700 mm., ami the specific gravity of mercury is 13 0. (r«t. 1. 10-8) 

A The volume of air inside the bottle when 100 c.c. of water rushes in, is 400 
e.c. If the pre^urc of the air within the boltlc be now P then from Boyles law, 
i* X 400 = 70 .300 whence I* =05 cm. of mercury. 

Hence pressure due to water = (95-70) = 19 cm. of mercury. 

= 10 X 13-0 = 258-4 cm. of water 

The bottle must be sunk to a depth of 258-4 cm. under water 

•; The volume of the receiver in n condensing air pump is 10 times that 
of the barrel. Calculate the number of strokes necessary to raise the pressure of 
air in the receiver to 5 times that of external air. (I tkal. 1. 1053) 

\ If l*-. be the pressure in the receiver after nth stroke, the atmospheric 
pressure I\ then P*/P = 5. Again the ratio of the volume of the receiver to that 
of the barrel = V/r = '0. Thru from epn. (151.2), 


P« 

P 


nv 

5 = 1 + y" 


1 +- r L whence n = number of strokes = 40. 


10 
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4 A cylindrical diving bell G ft. high, is lowered into water until the top of 
the bell is 31 ft. below the surface of water. If the height of the water barometer 
at the time be 34 ft. find to what height water will rise into the bell. If the cross- 
section of the bell be 10 sq. ft. find how much air at atmospheric pressure nius 
have to be introduced into the bell so as to keep away water from entering mlo it. 

Let the water rise into the l>ell uplo x ft. from the top. 

Then the pressure of the air inside is equal to that of a column of water of 
height equal to (34 + 31 + x) ft. — (x 05) ft. 

The original and final volumes of air in the bell are proportional to G and x 
respectively. 

0 X 34 = x (x + G. r .) or x* + 05x — 204=0 whence x=S ft. or —08 ft. Since 

a negative value of x is absurd, we have to accept the positive value of x to be 3 ft. 

Original volume of air in the bell = GO cu. ft. initial pressure = 34 ft. 

When the top of bell is 31 ft. under water and all water entering it is kept 

away, pressure of air inside= (31 + 31 +0) =71 ft. water. 

Let the volume of air introduced under atmospheric pressure = v. cu. ft. 

Then 34 (G + v) =71 X GO whence t> = 65-3 cu. ft. 

154. Pressure Gauges. —In order to be able to know how much 
a particular typo of the air pump can evacuate or compress air into 
a receiver, we have to use a class of apparatus which indicates 
the pressure of the residual gas within the receiver. Such a pressure 
measuring device is called a pressure gauge. There are various types 
of the instruments designed for different ranges of pressures. 

Siphon Gauge.—It consists of a glass tube CBD, one limb CA of 
which is straight while the other limb D is bent at the top and is 
connected to the receiver (Fig 225). The U-tube is about half-filled with 
a suitable liquid such as mercury, oil or water and is fixed vertically to 
a stand fitted with a scale. When the pressure to bo measured is either 
a little above or below the atmospheric pressure, the end A is kopt open. 
If the pressure within the receiver is equal to the atmospheric pressure, 
the column of liquid has at its ends the same pressure and hence the 
free surfaces of the liquid within the U-tubo are at the same level. But 
if the pressure within the receiver becomes higher, it would push down 
the level at D causing the other level at C to rise up. If, in the steady 
condition, the difference of levels in C and D bo h cm , as recorded by 
the scale attached, then from the law of hydrostatic pressure,— 

Pressure within receiver - hpg + atmospheric pressure ; 


The density of liquid used is A* and acceleration due to gravity is 
Q Thus the difference of gas pressure and atmospheric pressuro is 
proportional to the difference of levels. When the gas pressure falls 
below the atmospheric pressure, the level at D goes up and G down, 
the difference of the pressures being also hpg. For a given difference 
of pressures, hpg would bo constant and hence lighter is the liquid 
used, the larger would bo the difference of levels. Thus a lighter liquid 
would be more convenient to find a small difference of pressures. 
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When the pressure to be measured is high, say upto 5 or 10 
atmospheres, the limb 0 is closed at the top and the part AO 
contains some dry air. As the pressure within the receiver is 
increased, the liquid level in D is depressed and that in G Is 
forced up, so that air enclosed is gradually compressed. 
When the temperature remains fairly uniform and assum¬ 
ing that the bore of the part AG is uniform, we can apply 
Boyle’s law to find the resulting pressure. If the length 
of the air column in AG is It when the two levels are 

same under atmospheric pressure P x and if the length of 

the column contracts to 1 2 under a preaBSure P a , then from 
Boyle’s law. 

P a h “ Pi l x whence P a D Pi"r ...(l54,l) 

If at this stage, the difference of levels of the liquid be h, then the 
gas pressure within the receiver is P a + hpg. Suppose that mercury of 
density 13 59 grn/c c , is used as the gauge liquid and l x is 30 cm. 
If on connecting the receiver, l 2 becomes 8 cm., then the pressure P* 
within the closed end is 30-*-8 “3*75 atmospheres. If the barometer 
shows the atmospheric pressure to be 75*14 cm. of mercury, then 
P a — 3'75 x 75 14 cm. D 281775 cm. of mercury. If now the difference 

of levels of the mercury column be 43*12 cm., then the gas pressure 

within the receiver is 281*775 + 43*12 D 324*895 cm. of mercury. 

McLeod Gauge.—This pressure gauge was designed by McLeod 
in 1874 and is used extensively in measuring very low-pressures which 
are far beyond the scope of a Siphon gauge. The 
apparatus consists of a closed top calibrated glass 
capillary tube B of about *5 mm. boro and of length 
about 50 cm. fixed at the top of a cylindrical glass 
bulb of capaoity 200 to 500 c.c. (Fig. 226). The bulb 
at its lower end is connected by a uniform glass tube 
extending upto E. Another capillary glass tube with 
open end at D is also sealed just below the cylindrical 
glass bulb and is about a metre in length. The two 
capillaries run vertically along side a metre scale (not 
shown in the diagram). A rubber tubing is connec¬ 
ted at E and its other end is in communication with 
a mercury resorvoir F. This reservoir can be placed 
at any height by suitable clamping arrangement. 

The end D is connected to the receiver whose 
pressure is to be measured and so long as the receiver 
is not attaining a uniformly low pressure, the reser¬ 
voir F is lowered sufficiently bo that meroury level in 
the tube CE is below the point C. At this stage there 
is a free communication of pressure of the receiver to 
the bulb and the capillaries. Now the reservoir is 
slowly raised and when the level of mercury is above the point O, the 
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reservoir is cub off from the bulb. The reservoir is raised more and 
more till mercury fills the bulb and reaches a point B in the capillary. 
The mercury in D would remain at a higher level. This happens 
because after the bulb is cut off from the receiver by the mercury 
column, any compression of the residual gas in the closed tube obeys 
Boyle’s law,—pressure inside increasing as volume is compressed. 
But mercury within the other capillary rises against a constant pres¬ 
sure of the source. 


If V represents the volume of the bulb and the closed capillary, 
v 0 the volume of 1 mm. length of the capillary, and a the length of the 
enclosed air column and h the difference of levels in mm. of mercury 
within two capillaries, p the receiver pressure in mm. of mercury, then 
remembering that at the cut off point volume of the gas is V and the 
pressure p, 


p 7= avo (p + h) or 


V 



av 0 v a v* 


whence - -^p^-very approximately ... (154,2) 

Suppose that /j. = 1 mm., av a = 5 cu. mm. and 7= 500 c.c. ■= 5 * 10' cu. 
mm. ; then substituting in the equation the pressure recorded is 
. 10" 6 mm. of mercury. Pfund has constructed a most sensitive form 

of a McLeod gauge capable of measuring a pressure of 10 mm. 
of mercury. Very lately the gauge has been further modified to read 
a pressure of 10" u mm. 


Limitation of so-called Vacuum.— It is very difficult to say 
which is the highest possible vacuum reached till the present time. 
With a very best type of pump and pressuro gauge, the lowest pressuro 
recorded so far is about 10~°mm. with a flickering value of 10" lo mm. 
of meroury. For a steady and continuous working of a pump, a receiver 
shows a constant pressure of 10‘ 8 mm. So it is safe to say that a 
pressure of 10" 8 mm. is always under our control. We may now 
. calculate how many molecules of the gas are still present per unit 
volume of the receiver at such a low pressure. From Avogadro’s law of 
gaseous volume and from other evidences, we now know that at normal 
temperature and pressure 1 cubic cm. of a gas contains 3^ 10 1 0 mole¬ 
cules- From this if we calculate the number of molecules in unit 
volume still present at a pressure of 10’ H mm. the number comes out 
to be nearly 1000 million, which is about the present population of 
Asian continent. Thus ‘perfect vacuum’ as speculated by oarly 
philosophers is still remote. 


*155. Molecular Motion. —That there is molecular motion in solid, 
liquid and gaseous substances is borne out by the following facts. 


Diffusion of Solids. —It has been shown by Sir W. Roberts Smith 
that if a layer of lead is kept on a layer of gold at ordinary temperature 
for some months, minute traces of gold are found in different layers of 


G—17 



258 


INTERMEDIATE PHYSIOS 


ghap. xn 


lead. At moderately high temperatures above 500°C many metals show 
this property of diffusion to a remarkable degree. 

Sublimation.— In case of sublimation, due to evaporation of mole¬ 
cules a solid directly passes into gaseous state. 

Evaporation_The molecules in the liquid state of a substance 

possess kinetic energy and some of them proceeding towards the surface 
may escape into the space above. With rise of temperature, the motion 
of the molecules increases and so the rate of evaporation increases. 

Diffusion.—Take a tall jar partly filled with water. Introduce a 
strong solution of copper sulphate carefully into the bottom of the water 
column by means of thistle funnel. If the cylinder is now left undis¬ 
turbed, the blue colour moves upwards and ultimately after a few hours 
the whole mass assumes a uniform colour. Hence the molecules or 
copper sulphate diffuse upwards against the attraction of gravity while 
those of water pass downwards in the solution. 

Osmosis.—Diffusion may take place in liquids, even if they are 
separated by porous partitions, such as a sheet of parchment, the 
bladder of an animal or a piece of unglazed porcelain. The phenomenon 

is known as osmosis. 

Brownian Motion.—A small amount of very fine powder of 
insoluble carmine is thrown into water. If observed with a very 
powerful microscope, the particles are found to be in a state> of con- 
ti chous agitation, as if they are continuously colliding against 
neighbouring molecules. This phenomenon is known as Brownian 
Motion and can be explained on the supposition that the moleoules 
an in a state of rapid motion. If very minute droplets of oil be 
suspended in stagnant air, the oil drops are found to be continuously 
in motion in all possible directions, being bombarded by the gas mole- 
c ules from different directions. 

Expansibility of Gases.—In the case of exhausting a closed apace 
by an air pump, as soon as a quantity of the air is taken out, the 
romaining air fills up the vessel. This continues even when a trace 
of air is left, indicating that the molecules must be in a state of rapid 

motion. 

Pressure of a Gas.—Owing to their continuous motion, the mole¬ 
cules of gas contained in a vessel strike against the walls. The change 
of momentum of the molecules due to such collision causes an outward 
pressure on the walls, which is the pressure of the enclosed gas 
(vide Heat). 

Diffusion of Gases.—If two gases be contained in two closed vessels 
with a common partition wall, then on making a small hole in this 
wall, the gases will diffuse into each other. After a short time there 
will be a uniform mixture within the two compartments. Thi3 mixing 
takes place whatever be the nature and the pressure of the gases. 

156. Absorption of Gases in Liquids and Solids.—If a quan- 
. tity of water is heated slowly in a glass beaker, small bubbles of air 
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appaar on the walls which escape to the surface. This shows that 
water contains dissolved air. Soda water is ordinary water which has 
been made^to absorb carbon dioxide at a high pressure. The amount 
of gas absorbed bylliquid depends on the nature of the gas and with a 
particular gas it increases with pressure and decreases with a rise of 
temperature. 

Occlusion of Gases. —Even solids, particularly when they are 
porous, absorb gases to some extent within their pores. This pheno¬ 
menon is known as occlusion or absorption. The absorption is here 
selective ; thus, a freshly heated pieca of charcoal absorbs 10 times 
its volume of oxygen and 90 times of ammonia. Platinum black may 
absorb 250 times its volume of oxygen. The occluded gases may be 
driven out by beating. Take a barometer tube and fill it partly with 
mercury and then closing the open end by thumb invert it over a 
mercury trough. The apace above mercury column now contains some 
air. Now introduce a small piece of freshly heated charcoal into the 
tube. The charcoal will absorb some of the air above mercury in the 
tube, the level of which will be found to rise. 

Glass and metals also exhibit absorption of gases to a certain extent. 
It is often found that a little quantity of some gas has found its way 
into the Torricellian vacuum of most carefully prepared barometers kept 
for some time under observation under an ideal leak-tight condition. 
This is due to slow release of gas from the walls of the vessel. Gases 
may be given off from the inside surface of the walls or they may be 
forced out from the interior of the walls. Such occluded gases are a 
source of trouble to the production of low vacuum since they cannot be 
driven by chemical processes. Gases which come from the surface 
of the walls, called absorbed gases, are only a few molecules thick and 
are held very tenaoiously by the solid surface in ordinary circumstan¬ 
ces. They are probably held fast by the forces of surface tension and 
adhesion. These absorbed gases may be removed easily by moderately 
heating the solid in vacuum or by subjecting it to electric discharge. 

During the prooess of manufacture of glass and metals, they require 
to be melted. In suoh a liquefied state gases are absorbed. These gases 
are prevented from escaping by the surface tension of the liquefied 
mass and its viscosity. When solidified such gases remain ontrapped 
within its body and are called absorbed gases. Such absorbed gasos 
can be driven off by raising the temperature of the solid much above 
its melting point in a vacuum furnace. The gases released from glass 
are largely water vapour and carbon dioxide and those from metals are 
mainly hydrogen and carbon monoxide. 


OTTO VON GUERICKE (1G02—1686) 

Guericke'was born at Magdeburg in Germany on October 20. 1F02. 
He first studied law in Germany and then went to Holland to learn 
mathematics. After finishing his career there, he went to France and 
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England for higher studios. After return Guericke made some contri¬ 
butions in frictional electricity and is said to have constructed a form 
of friction machine. Lie was made a senator and later burgomaster 
of his native town. 

• ‘ ■I ’ ' ^ invsoted air 

before a 


F he proved 

large concourse oi 
| people that air exerts 

pressure. It is said 
‘ I that in one of his ex¬ 

periments, the strength 
^ i of 25 horeos was no- 

nk ( eessary to separate 

the evacuated hemis- 

Sjgggi ||M mass of a globe tilled 

with air was always 
greater than the mass 
of the same globe 
llol ' e when air was taken 

, air has weight. Tie devised a form 

1 indicate an approaching storm. lie 

B 05 le used his air-pump and discovered 


Stinimarv 


r pump with 1 


• -nr'ioM pomp 11 **• •! l«. draw water from a lower level, the difference 

..1 : 11:; 111 11.1 11« iulil nf I he water barometer. 

1.1f # • imp • iimiI In mi-** water to any desired height above the pump. 

ioi •«• pump with iht in 1*011*1 mint for (ontitiuvtts Jinn is u*cd to transfer 
. iilli r it a juvat tliv|„ni f or at a great in ight from tin* source. 
\ .»n* 1 1- it pnaliral jipplieat ion. 

Tin- -ipliioi is 11-4 .I for traiMi iiiiilt a liquid Irom one vessel into another 
di • l; llu* whole m;i^ « \ I he liquid. 

I l».* an* pump is innl for .iLm;; air out of a closed .«smI. The density of 
i at in 1 lit* • iti\tr gradually 1I1 m hm-' with successive strokes. 

Tin* romliining pump 1- ih«| l«> roiiipr^ss air into a closed vessel. A 

pri>Min* gntipe 1- u^cd to indicnlt tin- pressure of air in n closed space. 
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1 . Why it is not possible to raise water more than Si ft. by means 

of a suction pump. State reasons and give calculations. 

(U. P. B.—1951 ; Dac. U.—1932) 

2. The spout of common pump is 7 ft. above the level of water 
in a well. The diameter of the piston is 4 inches. Wlmt is the force 
on the piston rod when the pump is working? Weight of 1 cu ft 

of water is 62-5 lbs. < AIL 

A. 38-2 lb. wt. 

3. Draw the sectional diagram of a force pump capable of deli¬ 
vering a continuous supply of water. Explain how it works. 

, (Utkal. L.—1 

4 Describe a pump suitable for irrigating the fields by lifting 
water from a well. What mechanism would you suggest to lift 'voter 
from a well which is deeper than 35 ft. ? ( • • • 

5. A siphon is used to empty a cylindrical vessel filled with 
mercury. The shorter limb of the siphon reaches the bottom of vessel 
which is 45 inches deep, but it is found that the mercury ceases to run 
before the vessel is empty. Explain this. I- 1J3 > 

G. Describe: a siplicn and explain the principle of its operation. 
Slate the conditions for its working. For what purpose is the siphon 
used? (C- U- 1948) 

7. Explain the principle and action of a siphon. 

(Utkal. U.—1952; Fat. U.—1053; C. U.—1987 ; l. I. B. 194b ; 

Del. H. S.—1950) 

8. Describe a filter pump and explain its mode ol action. 

(U. F. B.—1910; Raj. I —1919) 

9. Describe an air puuip and explain its action. 

<C/. Raj. U.—1952; Guu. U.—1953 ; C. U.—1917 ; 1 “*• L '._ J : 

U. F. B.—1950 ; cj. E. F. U.— 1953 ; Mys. U.— 10ol, ai) 

10. Describe with the help of a clear diagram a pump f'->r lifting 

water from a well about 15 ft. deep. What trouble "il be experienced 
if the depth of the well exceeds 30 ft. 1 ■ 

11. If the barrel of an air pump is one-third the size of the 

receiver, what fractional part of the original air will be left after a 
strokes ? Wlmt will a barometer within the receiver mid, the outside 
pressure beiug 70 cm. ? (Guu. 1 ) 

243 , 

A. "”|024~ ; 18 Cm# ncm y- 

12. If the pressure in a pump were reduced to \ of the atmos¬ 
pheric pressure in 4 strokes, to wlmt it would be reduced in G strokes t 

A. — of the initial pressure, 

u 

13. The volume of the barrel of an air pump is l/5th that of 
the receiver. Find after how muny strokes the density of air m the 
receiver will be reduced in the proportion 125 : 210. 

A. 3. 
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Reference 

Art. 141 

Art. 141 

Art. 143 

Art. 143 

Art. 144 

Art. 144 

Arts. 

144 & 146 
Art. 146 
Art. HO 

Art. 141 

Art. 146 


Art. 146 


Art. 147 
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Reference 
Art. 146 

Art.'146 
Arts. 

146 & 151 

Art. 149 
Art. 151 

Art. 151 

Art. 169 
Arts. 

151 A 152 

Art. 153 


14. The contents of the receiver of an exhausting air pump is 
6 times that of a barrel. Find the pressure of the air in the receiver 
at the end of the eighth stroke of the piston, when the atmospheric ' 
pressure is 15 lb. to the square inch. (Utkal U. _1951) 

A. 4'87 lb./eq. in. 

lo. Describe a double-barrelled air pump and explain its action. 

(C. U.—1938, ’58) 

10 . Compare the pressures in the receiver of condensing and 
exhausting air pump after the same number of strokes and account 
for the fundamental difference in form of the two expressions. 

(Pat. U.— 1931) 

17. Explain the action of a rotary oil pump. (E. P. U.—1952) 

18. Describe in detail, with a diagram, a condensing pump and 

its mode of action. (Utkal U.—1051 ; C. U.—1934) 

19. The volume of the receiver in a condensing pump is 25 
times that of the barrel. Find nfter how many strokes the pressure 
inside the receiver will be increased from one to three atmospheres. 

A. 50. 


20. Explain the mode of action of a foot-ball inflating pump. 

(p. U.—1929 ; Utkal. U.—1953) 

21. What do you mean by a compression pump? Cite two com¬ 
mon examples. Describe with a diagram, the working of an ordinary 
bicycle pump and the action of the valve in the bicycle tube 


(Uau. U.—1952) 

22. Write a note on Diving Bell ? (Utkal. U.— 1952 ) 

23. Explain how would you produce and measure a high vacuum. 

Describe some uses of high vacuum. (And. U._ 1951 ) 

21. Write short notes on various types of pressure gauges for the 
measurement of pressures greater and less than one atmosphere. 

(Utkul. U.—1952; cf. And. U.—1952) 


CHAPTER XIII 

ELEMENTS OF HYDRODYNAMICS AND 

AERONAUTICS 


157 Hydrodynamics.—The branch of Hydrodynamics deals with 
the properties of fluids in motion. During the eighteenth century 
Euler and Bernoulli founded the classical hydrodynamics which dea.s 
with the motion and properties of an ‘ideal fluid . The 

highly mathematical without adequate experimental background so 
ft formed a part of ‘pure mathematics . Experimentation with 
water or any other real fluid did not yield results consistent with the 
fmwaRt of classical hydrodynamics. Engineers made the experimental 

way and called this Book of collected data 

as Hydraulics. , 

Within the last fifty years, many theoretical and experimental 
researches have been carried on regarding the properties of liquid and 
Baaeous fluids in motion. Scient.sts have now obtained a rea pmturo 

io^odyTmr:: - 

air in relation to an air-craft is called Aeronautics. 

1 ed Ideal Fluid. —An ideal fluid is defined to be one, wkioi 

can flow without offering any internal resistance. If t "'° w ^{““ e 
layers of an ideal fluid move with different velocities, there would be 
no viscous or frictional force of one layer on the other. 

Stream Line Motion.— A fluid is always to be preserved in a 
particular vessel, whose shape it automatically takes up. Hence a fluid 
U incapable of withstanding any shearing force. In order that a. mass 
of fluid may flow in a particular direction, there must bo a difference 

o pressures acting at the ends of the fluid in question For example, 

water flows from a higher to a lower pressure, wind Mows from a 
region of higher atmospheric pressure to another at a lower pressure. 

When an ideal fluid is supposed to flow through a finite container 
such as a pipe (Fig. 228), different layers of the fluid move parallel to 
each other. Let AB and CD be the walls of E 

a pipe through which an ideal fluid is pass- - ■ _ _ • _ 

ing under a pressure P 8 —Pi- Then all the \*;„7- 

lavers of the fluid would move parallel to t d ~ J v. _ 

AB and CD. This type of fluid motion . 

is called stream line motion. In^ case of a - 

ninfi of unequal cross-section or a bent pipe, - - f 

££>» lin£ maybe carved (Fig. 229 * C 

230). A stream line is defined to be a Fig. 228 

curve which is always tangential to the . 

flow of the fluid, so that a fluid cannot cross a stream line but can only 


Fig. 228 
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flow along it. We can thus imagine stream lines to form a series of 
tubes through which the fluid can pass. Such imaginary tubes, through 
which a fluid is supposed to flow, are called stream tubes. 

Equation of Continuity.—Whenever a fluid flows with a uniform 
velocity at any region, the pressure and density of the fluid at that part 

also assume steady values. 
This is one of the most funda¬ 
mental conditions of a stream 
line motion of a fluid. Imagine 
a pipe of unequal cross-section 
through which a fluid is flow¬ 
ing (Fig. 229). The fluid enters 
through one end of the pipe 
and emerges out through the 
other end. Further more, since 
there is no variation of density at any region, the total mass of the fluid 
contained within the pipe is always constant. It follows therefore that 
the mass of the fluid entering through one end would be equal to the 
mass of the fluid leaving the other end in a given interval. 

If m be the quantity of a fluid entering the tube per second through 
one end of a cross-sectional area a x with a velocity v x and if P x be the 
density of the fluid at this region, then 



m’=a x v x P x 

If a 2 ,Vj and P., denote the corresponding area of cross-section, fluid 
velocity and density at the other end through which the fluid is passing 
out, then 

m = a 3 v a p 2 - a x v x P x or avP = constant. ...(158,l) 

whore a, v and P denote the general values of the cross-Bection, velocity 
and density of the fluid at any region of the pipe. Hence we can say 
that the continued product of the density of the fluid , its velocity and 
cross-sectional area at any region of the pipe cs constant. If the fluid is 
almost incompressible, suoh as a liquid, then the density does not vary 
bcnsil'ly with a moderate difference of pressures. Hence p x = p 2 . 

Therefore av “= constant. ... (158,2) 

In case of a stream line flow in a gaseous medium, the stream 
tubes behave as conducting pipes through which fluid moves and there 
is generally a variation of density of the medium from point to point 
along a stream tube. Hence eqn. (158,1) holds good. It has been 
found that for air, which is a compressible fluid, tho density at various 
points of a stream tube remains fairly constant upto a speed limit of 
200 to 2o0 miles per hour. 

It may be noted that in a stream line flow, the number of stream 
tubes would be equal at any section of the pipe. If u he the number 
of stream tubes within the pipe, and the cross- sections of the 
stream tubes at the two regions of the pipe whose cross-sectional areas 
are a t ami a it then a x = n< lt and ■= ;»< 3 . Now if density of the fluid 
does not change, then according to eqn. (158,2) 

n\ l v l “n< ai v 9 or ... (158,3) 
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This shows that in a stream line flow the product of the velocity of the 
fkn ^rvrrAqnondinc area of cross-section of the s rea 
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constant. Thus where the fluid 
has a higher speed, the stream 
tubes would narrow down. 

Fig. 230 shows a pipe nar¬ 
rowed at the middle part and 
through which an ideal fluid is 
passing. Since the cross- sections 
at the ends are larger than that 
at the middle, then according to 
the relation given in eqn. U58.2), 
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^ 159 ^Bernoulli's Theorem.—This theorem states that ior any 

—»... -..... «..i i. 

ing through the pressure difference. It is a 
statement of the principle of conservation 
of energy for a spocial case of a fluid. 

Consider a pipe as shown in Fig. 231, 
through which a fluid is moving in a stream 
line motion. Let a, and a* he two cross- 
sectional areas taken at right angles to the 
stream at two regions of the pipe at heights 
h x and /i a from some reference level 11 n. 
Let v 1 and v. be the speeds of the fluid at 
two regions. Let m be the mass of the 
fluid passing per second across any section 
ng. -ox of the tube. The kinotic energy of this 

0 . fluid over Ihe ^ 

Zm e S consideration the total energy of a mass r» over the 

""be'thtTolnmo^the liquid having a mass *.«*»«»_ 
done when it movee from a pressure P, o a preBsnre 1 . «• U . JV. 
Then from the principle of conservation of energy, 

ttuwi* + mgh L ) - ' + rngh 9 )-{ P a ~ Pi) 7 

.. kmv* * + mgh 2 + P 8 V - x + mgh x + Pi V 
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If p be the density of the fluid, then P~m!V and hence the equation 
may be written in the form, 

ipv^ + pghi +P X °*Pu 9 a + Pgli % + P 8 ' ...(159,1) 

Since the two sections have been taken at any two regions along a 
stream tube, the sum of the kinetic and potential energy-density 
together with the pressure is constant along stream line, 

With reference to Fig. 230, it may be remarked, that when the 
pipe is kept horizontal, every part of it is at the same height from a 
reference level. Hence the potential energy density (pgh) is the same 
throughout. Thus eqn. (159,1) simpli6es to iPv x * + P x - + P 3 . 

Let the velocity of the fluid and its pressure at the wider end be v L 
and P x ; and those at the constricted part be v 2 and P a . Since the 
velocity at the wider part is less, the corresponding pressure at this 
region, as recorded by the manometer M x or M 8 would be higher than 
that at the middle. 

Air in some respects behaves as an ideal fluid. Hence this theorem 
can be applied very approximately in case of air in a stream line mo¬ 
tion. It would be seen subsequently in wind tunnel experiments 
(Art. 167) that there is no marked variation of air density for moderate 
air speeds along a stream tube. Let us assume that the friction between 
)a\orfe of air is so small that when a volume of air is set into motion 
relative to its neighbour, the frictional loss of energy is negligibly small. 

W hen an air-craft moves through air, different parts of it may be 
considered to be at same height. Hence in so far as the distribution 
of the stream tubes round a flying aeroplane is concerned Pgh x ■= pgh 2 
and Bernoulli’s theorem simplifies to 

* Po *~ +P a “irPUi 2 +P X or sPu 2 + P~constant. ...(159,2) 

When the static pressure P is expressed in poundals per. sq. ft p is 
expressed in pounds per cubic foot ; but when the pressure is expressed 
as pounds per sq. ft., the density has a technical name in slugs per 
cubic foot. I ho quantity -Jpv 2 , which is really the kinetic energy per 
unit volume of the fluid, is sometimes called the dynamic pressure of 

. 0 u ib the pressure felt at the nose of a projectile where the 

impinging t bream is brought to rest. 


Examples :— 

1. V. alcr is flowing steadily along a horizontal round pipe of varying cross- 
fcc iion. At a certain region the speed of the stream is found to be 10 ft. per second 
v hiic the pressure is 35 lb. per sip inch. The pressure nt other place is 25 lb sq in. 
Whet is the speed there ? What is the ratio of the radii of those sections? 

A. Let Pi = 35 lb./scp in. = 35 X 32 X 144 poundals/sq. ft. 

P, = 25 lb./scp in. = 25 X 32 X 144 poundals/sq. ft. 
speed = x fU/sec. 

Then + P x “ + P 3 . 

or 1 X 05-5 x 10= + 35 X 32 X 144 = 5 X C2-5 X ar + 25 X 32 X 144 
whence* = 30-7 ft./sec. 
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From the law of continuity, if ax = area of cross section where speed is 10 ft./sec. 
knd at that where speed is 39" 7 ft./sec. 


10ax = 39 • 7aa 


= 4 approx, hence —- — 


' 2. Compressed air of density -07 lb. per cub,c foot .s forced «th a l 

of 40 ft. per second against an object in an wind tunnel It is found at Ua A 
tube under the body at a particular region has expanded to double 
while that above it has reduced to one-th.rd its onginol value. What arc 

pressures^,t Uon of lhe s t r cam-tube of velocity 40 ft./sec., Vi ami t>« 

the velocities of upper and lower stream. Then from the equatmn oj —fy. 
assuming the density to remain unchanged, M)a _ 3 a vi and 40n - - - • * 

Vl — velocity of upper stream = 3 X 40 = HO ft./sec. 

= velocity of lower strcom = 40/-2 = 20 ft./see. 

If P = pressure of air far from the body and P, = pressure within the 

upper stream line then, from Bernoulli’s Theorem 
v p _ p _ $ x -07 (40 s — 120=) = — 448 poundals/sq. ft. 

Hence at the upper surface there is a suction of 448 poundals per sq. ft normal 

l ° 1 Again fa K* P* be the pressure within the lower stream line, then 
p 3 _ p— £ x -07 (40 s — 20 2 ) = 42 poundals/sq. ft. 

Hence at the lower surface there is a pressure or 42 poundals per square foot 
normal to the surface. 

160 Torricelli’s Theorem.—When a liquid flows out through 
a jet the velocity with which the liquid escapes is equal to that which 
a body would acquire in falling freely from rest under the action of the 
gravity through a height equal to the depth of the jet below the 

free surface of the liquid. 


m 

ll: 





Fig. 282 , Fi <" 28 “ , T , 

l UP ? ly 0 11 an t 1 d A t °th e°f r e 0 turf ice oltoe liquid the potential energy per 
£& v T»e of fbe fluid U + tt and the pressure energy F 
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where P is the atmospheric pressure. The kinetic energy is nil, since 
the liquid is stationary at the free surface. Again the pressure at 
the jet is P being open to atmosphere. Let the velocity of issuing water 
be v there. Hence kinetio energy per unit volume at the jet is hPv* 
and the potential energy is pgh x . If the loss of energy due to friction 
be neglected, then applying Bernoullis theorem,— 

PgOii + h) + P - pgh x + *VP 2 + P 

whence pgh^^Pv^ or r 9 = 2 gh ...(160,1) 

This equation gives the velocity acquired by a body falling from rest 
under the action of the gravity through a distance h. If the jet be direc¬ 
ted vertically upwards, the height to which water would be sprayed up 
would be equal to the height of the free surface of water within the 
reservior. The spray in fact rises to a height a little below on account 
of friction within the jet and with air. 

If the jet enters into a second tank T a in which the liquid stands at 
a height h a above the jet (Fig. 233). then the eqn. (160,1) reduces to 
•y 2 — 2 g[h - 7i a ) 

161. Real Fluid.—A real fluid is one whioh offers a viscous fric¬ 
tion when two adjacent layers of it move with different velocities. The 
flow of a real fluid is obverved to be of two types as given below. 

Stream Line and Turbulent Flow's.—It is experimentally ob¬ 
served that when a liquid flows through a pipe, then for a moderate 
speed of a liquid through the pipe, any portion of the liquid flows paral¬ 



lel to the axis of the pipe The flow of the liquid then may be divided 
into concentric cylindrical layers moving parallel to the axis of the tube 
Such type of flow is called the stream line or laminar flow (Fig. 234). 

If the speed of the liquid through the pipe be continuously increased 
by increasing the pressure at the inlet, then upto a certain epeed 
limit of the liquid, the stream line motion persists. The speed) limit, 
which depends upon the nature of the liquid, the pressure causing the 
flow, smoothness of the walls and in short tubes upon the length of 
the tube is sometimes called the critical velocity. Beyond this speed 
limit, any portion of the liquid begins to move irratically !in various 
directions—sometime towards and sometimes away from the walls in a 
"turbulent’' manner producing eddies or vortices (Fig. 235). The trans¬ 
formation from a stream lino to a turbulent flow may be observed 
through the glass walls when dust particles are mixed with the flowing 
liquid. Hence a critical velocity marks a transition from a 'stream line? 
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to a turbulent flow. Such a turbulent motion of fluids was first obser%e 
and studied by Osborne Reynolds in 1883. 

162. Utilisation of Water Power.-Nature supplies us with an 
inexhaustible source of energy from water-power Rivers aod^ “nals 
carrying current are sources wherein we get vast quantities of water in 
motion and this huge kinetic energy may be utilised in very many se- 

ful purposes. In hilly countries streams of water are 0( ; cass,on ^ ll y ^ u ° d . 
to come down speedily from a higher to a lower level in f formof alls 
and in such process of a water-fall, the potential energy of water at the 
higher level is converted during its fall into kinetic and other forms of 
energy These two forms of energy of water have found application to 

industry in two different ways, 

rktroralmt wheel _This is a device to convert potential energy of 

JKf 'flu into Aguiar power-supply. It is well-known that 

stream of a fall becames very violent 
during the rains and meek during winter , 
consequently to have a constant and 
regu\ar supply of water at all seasons a 
large reservoir of water is constructed 
somewhere at the up-stream to store 
excess water during the rains and to use it 
during the dry season. Water from this 
reservoir is supplied by pipe lines or 
channels, known as penstocks, to a largo 
water wheel through an adjustiblo aperture 
S called the sluice (Fig. 236). The diameter 
of this wheel is made nearly as largo as the 
height ot the fall. The wheel is provided 
with a large number of buckets B shaped 
in such a way that they can hold water 

_ I • _ .1 > m if n 



Fig. 280 


the wheel. , , . . , _> 

If h is the total fall of water in feet and Q the number of cubic foot 

of wate^entering the buckets per second and no cub 

foot of water in pounds, then the available horse power H. r. gi 

by the expression. 

Q*PA ... (162,1) 

550 


H.P. “ 


It is evident from eqn. (162,1) that the larger is )., the greater^would 
be the available power. Hence the diameter of the wheel s nade 
near v equal to the height of the fall. To give a proper shape, the size 
Tnd number of the buckets cannot be indefinitely increased. Wheels 
having over 70 ft. in diamelfcr are already in use. The efficiency of an 
overshot wheel is between 70 to 80%. The sluice is generally operated 
by an automatic coptrol device known as a governor. 
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The power is led from the main shaft A or from a pinion attached 
to the underside of the wheel. Some times such an appliance is called 
an overshot water turbine, which can be used to run a factory or to 
generate an electrio power. In Indian Republic there is a dearth of a 
powerful water fall where an overshot turbine might be profitably used. 

Undershot wheel.—This device is taken where the kinetic energy 
of water is to be utilised in a power transformation. By means of a 
barrier called a dam , the width of the stream is narrowed down except 
for a small opening through which water is made to rush ont. Since 
all the water of the stream has to find its way through this gate, the 
current at this region is considerably strengthened. This gives a high 
kinetic energy of water. The volume of water discharged is regulated 
by an adjustable door S, called a sluice (Fig. 237). Just beyond the 
sluice, there is a wheel provided with a number of fixe^ radial vanes . V 
and mounted in such a way that water on rushing tfirpugh the sluice 
gate impinges against the lowermost vanes and delivers *ks kinetic 
energy at the rim of the wheel in a forward direction. The wheel thus 
rotates uniformly since for all its positions equal number of vanes are 
acted on by water. The difference of bed level on the two sidCB of the 
sluice may be kept 3 or 4 ft. The power is taken from the main shaft 
A or any gearing arrangement. The kinetic energy of water is not very 
well taken up by the straight vane type of undershot turbine, as ft good 
part of water within the vanes rebounds backwards producing sprays 
and vortices and those are generated at the cost af energy of water doing 
no useful work. The efficiency of such type of weeels scarcely exceeds 30?o. 

Poncolet designed an undershot wheel with curved vane# as shown 
in fig. 233. Water at a high speed is ejected through the sluice S 
into the curved blades at the lowermost position of the wheel. During 
the short interval of stay of water within the blades, it exerts an im- 



Fig. 287 



“N 


Fig. 238 


pulse on the rim of the wheel in a forward direction and it leaves the 
vanes with a small velocity in a vertical direction, Little eddies or 
sprays are produced in this process. The efficiency of such wheel is 
about 60%. The diameter of a Poncelet jpfheel is between 15 to 20 ft. 
If Q be the number of cubic feet of water discharged by the sluice per 
second, m the mass of one cubic foot of water in pounds and v the 
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velooity of water at the sluice, then the available horse-power H. P. of 
curvedvane undershot turbine is given by the expression. 

tt p ... (162.2) 

2 x 550 

But suoh wheels cannot deliver power satisfactorily ia enormous 

sHrr =KJfS« tssiss. r • 

163. Viscosity of Fluids.-If the flow of a liquid through a pipe 

in stream line motion be studied, it is ^ _ a 

found that different layers of liquid _ __- 

move with different velocities. The - , ... 

velocity is highest along the axis of the _ ^ . 

tube and it continuously decreases in a .. . 

direction towards the walls. The liquid ... 

in contact with the walls has no velo- -5- \ --rs 

city due to adhesion (Fig. 239). There 

is thus a change of velocity or relative . Fig. 

motion as we move from layer to layer 

from the walls towards the axis. 

„ f if £ .vSS - —Mr f'ocf: 

8u t: : oti :r:; B r 4- jli* «zz 

Zve “at . fluid offer, resistance to a relative cent,on of .t. parte or 

that a fluid possesses internal friction or vtscosttv. 

Tnt v be the velocity of a layer of liquid at a distance r x from the 

• L nf the tube and v, that at a distance r a , the difference between 

Jar being supposed small. The relative velocity between two 
r i and r. be g rafcio q{ fche cbang0 o( ve locity to the corros- 

ponXg change of distance is called the velocity gradient at a mean 

distance of and r a . 

Hence the velocity gradient - - *” ' 

In the 0. G. S. system, the unit of velocity gradient is one cm. 
per sec. per cm. or simply coo. 

When adjacent layers of a liquid flow with some difference of 
velocities, one layer would move past its neighbouring layer with some 
relative velocity. We know when a solid body slides over the other. 
Sere U a frictional forc^alled into play between the surfaces in 
contact. The effect of *tbis frictional force is to retard the motion 
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of the faster layer. In the liquid also some force akin to friction plays 
parallel to the layers in contact. To have a uniform motion of some 
liquid an external force is necessary just to overcome such a frictional 
or viscous force. 

The viscous force is proportional to the surface areas in contact and 
the velocity gradient at the region in question. If a be the surface area 
and v the difference in velocities over a very small distance r across the 
moving surfaces in contaot, and if F be the viscous force called into play, 

Then F 06 a- or F^*?^ ••• (163,2) 

r t 

The constant (pronunciated as eta) is called the coefficient of vis¬ 
cosity of the liquid at the observed temperature and may be defined as 
the tangential force acting per unit area over two adjacent layers of a 
fluid for a unit velocity gradient. In the C. G. S. system the unit of 
this coefficient is gm. per cm. per sec. or dynes, seo. per sq. cm. Hence 
the dimension of »/ is ML‘‘T *. 

164. Reynolds Number.—Reynolds studied the conditions under 
which a transition takes place from a stream line to a turbulent motion 
in a fluid. lie found that the transition takes place not only when the 
velocity exceeds a certain critical value in a pipe of fixed diameter, but 
also when the velocity is kept constant and the diameter is increased 
beyond a certain value. He then took pipes of various diameters and 
passed through these pipes different fluids with different velocities. He 
observed that the product of the diameter and limiting velocity for a 
stream line flow increases more and more with fluids having lesser co¬ 
efficient of viscosity. Thus the transition from the stream line to the 
turbulent flow is directly proportional to the limiting or critical velocity 
u of the fluid, ths diameter d of the pipe and inversely proportional to 
ihe co efficient of viscosity n of the fluid. The quantity ud/n is called 
the Reynolds number. It is a non-dimensional quantity or a pure 
number, but it b*s a groat significance in Aeronautics. It is found that 
lor a straight pipe the stream line flow is transformed into a turbulent 
flow, if the quantity exceeds about a value 2,200. A ball of diameter 
irelies moving in <vir with a spoed of 30 miles per hour has a Reynolds 
number of nearly 80,000 ; while an aircraft operates at Reynolds 
number of the order of a million. 

105. Properties of Atmospheric Air.—A systematic record and 
observation have given out the following properties of atmospheric air— 

^l) Extent of the atmosphere. —There is no definite knowledge 
regarding the height to which the atmospheric air extends. The highest 
altitude to which an aeroplane has risen till the present day is about 
79,''0J ft. Self-registering balloons carrying apparatus rose upto 35 
miles. Echoes of wireless waves have been obtained from various 
heights ranging' upto 200 miles indicating the presence of traoes of 
atmospheric air at that height. M 

(2) Pressure of the Atmosphere —The average pressure at the sea 
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level is about 14 7 lbs. per sq. inch, which changes slightly with 
different localities and weather conditions. But with increasing altitude 
pressure continuously diminishes The following table supplies the 


Altitude in ft. 

Pressure in 
lbs./inch 2 

Altitude in ft. 

Pressure in 
lbs./inch 2 

1 

0 

147 

15,000 

| 8‘31 

1,000 

141 

20.000 

, 682 

6,000 

12 2 

80.000 

487 

10,000 

10 6 

40.000 

j 272 


(3) 


as 

cu. 


we go up. 
ft. Taking 


of pressure with altitude, the density of air grows less 
At sea level the density of the air is about 06 lb. per — ° 

this value of density as unit^ the density ratio at higher altitudes is 

found from the following table.— 


Altitude in ft. Density ratio 


■ 

Altitude in ft. Density Ratio 


0 

1,000 

5,000 

10,000 


1 

‘d71 

•861 

737 


15,000 

20,000 

30,000 

• 10,000 


‘629 

582 

•373 

246 


Inertia is dependent on density and is the property of air to resist 
any tendency to change its state of rest or motion. 

(4) Temperature of the Atmosphere.— The temperature continuously 
falls with altitude mainly due to two reasons. As the distance from 
the surface of the earth increases with height, the boat radiation from 
earth diminishes. Again air moves continuously vertically upwards rom 
a region of higher atmospheric pressure to a lower one due to a diffe¬ 
rence of pressures. In doing so a certain volume of air in moving to a 
region of lower pressure expands and the work done or energy required 
for such expansion is taken from the mass of air in question. This loss 
of energy is mainly responsible for the lowering of temperature. The 
following table supplies the rate of fall of temperature with altitude 
under normal conditions, taking the sea level temperat ure to ho t C. 

Altitude in ft. Temperature in °C Altitude in ft. Temperature iu °0 


1 

1,000 

6,000 

10,000 


t°0 

t-2 

t-9'9 


16,000 

20,000 

80,000 

40,000 


t- 

t 

t 

t 


29*7 

396 

694 

70 


G—18 
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(5) Volume Elasticity of Atmosphere .—Whenever a difference of 
pressure is set up at a certain region of the atmosphere, a volume of 
the atmospheric air between these two pressure limits is compressed 
or rarefied. A volume of air which has been compresed due to excess 
pressure tends to expand to release this pressure and vice versa. This 
property is called the volume elasticity. This property is intimately 
connected with the average atmospheric pressure at the region and 
consequently the volume elasticity decreases with the altitude. 

(6) Viscosity of Atmosphere .—Whenever there is flow of air, such 
that the different layers of air taken parallel to the direction of flow 
move with different velocities, some sbrt of frictional forces parallel to 
the surfaces in contact, are called into play in between any two ad¬ 
jacent layers. This is due to a property known as viscosity of air. The 
effect of this viscous force is to retard the motion of the faster layer 
and accelerate the slower one. 


(7) Humidity of Atmosphere .—The al^iospheric air always contains 
water-vapour which varies in proportion to different weather conditions 
and altitude. Since the density of water vapour under the same condi¬ 
tions of temperature and pressure is nearly three-fifths of the density of 
air, the presence of water vapour in atmosphere diminishes the 
density of the moist air. 


(8) Turbulence in Atmosphere .—The motion of air near the 
Earth’s surface is very irregular,—sometimes laminar, sometimes 
turbulent. This is evident from a simple fact that the smoke from a 
cigarette held steadily in the hand at first rises up in a regular stream. 
But a bit higher up the stream of hot air loses direction and exhibits 
curls showing features of turbulence. 

The motion of air constituting the first few hundred feet of the 
atmosphere is extremely irregular having frequent vortices and up and 
down currents. These irregular motion is responsible for the formation 
of low pressure regions or ‘air pockets’. A flying air-craft while passing 
through such regions experiences a sudden fall in level producing dis¬ 
comfiture of passengers. The region of turbulence extends to about 
2000 ft. above the sea level and this is also the region in which the 
earth exerts the viscous drag on the atmospheric air due to its diurnal 
motion. 

Above 2000 ft. the effect of the viscous drag is not appreciable and 
at such levels the wind is almost non-turbulent. Thus an air-oraft 
normally flies within the non-turbulent air stream. The low level 
turbulence of the air has also some merits in as muoh as it mixes up 
hot and cold layers of air or dry and humid air in a comfortable pro¬ 
portion. 

106. Relative Wind.—Whenever a body moves through air, then 
due to the inertial property of air, there is some sort of resistance 
offered by air to the motion of the body. This resistance depends upon 
the relative velocity of the air and body. Jience the wind force upon a 
body travelling north with a velocity of V miles per hour in still air is- 
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the same as when the body is fixed in space and wind is blowing south¬ 
wards past the body with a velocity of V miles per hour. The same 
pressure would result when the body is moving north with a velocity of 
v miles per hour and the wind is blowing south with a velocity of V v 

miles per hour. . . , 

In the lower atmosphere wind blows very irregularly with re D ard 

to direction and speed, consequently a flying air-craft has got to over¬ 
come air resistances of various magnitudes from various directions. 
The actual speed of an air-craft is its speed relative to the ground, 
which is called the ground speed. The speed relative to air, which 
might be at rest or in motion, is called air speed. When the £ ir - crf J lt 
moves in any direction with respect to the wind, we can find the 
relative velocity between the two in the following way : 

Let O be the position of the air-craft moving in the direction OA 
at any instant with a velocity represented by the length OA, and le 



Fig. ‘240 F ‘ e- 241 

OB be the direction and velocity of the wind (Fig. 240) To realise 
the direction and velocity of the wind appearing at O, imagine the 
air-craft at O to be brought to rest by imposing an equal and opposite 
velocity OD. The resultant of OB and OD is the diagonal OC of the 
parallelogrm. Hence to an observer at O. wind appears to blow in 
the direction 00 and of magnitude equal to its length. Actually the 
direction of motion of the air-craft with respect to air would appear 
to be in the reverse direction CO. which is called the air speed while 
OA is the ground speed. The direction OC is called relative wind. 
Hence relative wind is equal and opposite to the air speed. Fig. 241 
represents the directions and magnitudes of the ground speed PQ. wind 
velocity PR and the air speed RQ of an air-craft situated at 1. The 
resultant of wind velocity and the air speed is the ground speed. 

An air-craft during flight has on seldom occasion a speed of less 
than 100 miles per hour, while a normal breeze has scarcely a speed of 
more than 20 miles an hour. Hence air speed under normal conditions 
is almost equal to the ground speed in magmtudo and direction, unless 
the air-craft is encountered by a storm. 

Example :— 

1 An aeroplane travelling at a level flight with a speed of 100 miles on hour 
runs into a vertical up current of air of 20 miles an hour. Find the angle between 
the horizontal course and the relative wind and the strength of the relative wind at 

the instant of entering the current. 

A. The angle between the actual direction of flight and the wind = 90° 



276 


INTERMEDIATE PHYSICS 


CHAP. XIII 


Hence from the parallelogram law of velocities the strength of the relative 
wind = \/200 8 4- 20* = 101*98 miles/hour. 

an 

Also tan 6 ———— = 2 whence 0 = 11°18' 

1UU 

2. A bomber is spotted at a distance of 10 miles to the north east and travell¬ 
ing in a north-easterly direction with a ground speed of 150 miles per hour. A 
fighter plane pursues the bomber in a north wind of 80 miles an hour and intercepts 
it in 5 minutes from the start. Find the air speed of the fighter and the distance 
at which interception takes place. 

A. Since the fighter has got to cover the distance of 10 miles in 5 minutes, 
the relative gain of speed is 120 miles/hour. Hence the ground speed of the fighter 
is 150 -f 120 = 270 miles/hour. 

.*. distance travelled by fighter in 5 minutes = X 270 = 22*5 miles. 

oU 

The angle between the direction of wind and the actual motion of the fighter 
is 45°. 

Hence from the parallelogram law. 

The air speed = >/270 a + 30 s + 2 X~270 X 30 X cos 45° = 292 miles/hour. 

167. Wind Tunnel Experiments.—The direction and speed of 
the wind actually set up in the atmosphere have frequent variations. 
Hence it is very difficult to 9tudy the effect of the wind force on any 
body in actual flight. To attain a steady condition of wind velocity 
and direction, an artificial air current is produced in an Aeronautical 
Laboratory within a chamber known as an toind tunnel. 

There are various models of an wind tunnel* of which the one 
described here is used at the National Physical Laboratory. It consists 
of a large wooden pipe T, of rectangular cross-section supported on steel 
framing (Fig. 242). A part of the tunnel is made circular in section 



Fig. 242—An Wind Tunnel 

where a large air screw S like an electric fan works. The fan can be dri¬ 
ven at any desirable speed to suck out air from the chamber. Behind 
the air screw is the diffuser or distributor D, whose funotion is to cause 
the air to return to the in-take at low velo *ity over a large outlet 
surface. To avoid the twisting motion of the air current through the 
tunnel, two honey combs Cj. and C , one near the iutako and the other 
immediately in front of the expanding seotion, are set up. When the 
propeller is driven air is forced out of the tunnel, and air from the other 
end I flows into it to fill up the partial vacuum in a regular stream tb*» 
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speed of incoming air depends upon the rate of suction or speed of 
revolution of the propeller, the size and shape of its blades and the 
dimension of the tunnel. To eliminate the irregularities of flow, the 
tunnel is widened towards the inlet I something like the horn of a gra¬ 
mophone. Only the central part M of the tunnel, where the flow of air 
is very regular, is utilised for actual experiments. To investigate the 

distribution of air pressure over an air-craft in flight, a s “ a l m ° del ° 
it is made in the laboratory and is placed at the central part of the 
tunnel. To attain lower temperatures, as perceived at higher altitudes, 
special refrigerating plant cools the air of the tunnel at any desired 

temperature, t ^ fcbQ wind tunne i 9 constructed as yet, is at Seattle, 

which has a cross-sectional area of 1500 sq. ft. at its narrowest par . 
The electric generator driving a twin double-blade propellers is of 13,000 
horse power. 8 At the highest speed of the propellers, the wind velocity 
through the central part of the tunnel is about 700 miles per hour, while 

the severest hurricane sweeps over the earth with a speed not ® XC ® e< r ‘ l g 1 
120 miles per hour. The refrigerating plant attached to this tunnel 

cools this unimaginable blast to a temperature of - 67F ^ 11 * e f 

constant temperature of stratosphere beginning from an altitude ot 

36,000 ft. above the sea-level. 

168 Problem of Air Resistance.— It has already been stated 

that an ideal fluid is one which in motion does not offer any viscous 

Resistance nor the fluid has any tendency to adhere to e solidl body 
which might be moving through it. Fig. 243 represente the model of 




Fig. 244 

ideal fluid across the section of a cylinder of 
infinite length. lNote mat at a considerable distance at the front and 
back of the cylinder, the stream lines are equidistant, which shows 
that the medium is not disturbed by motion and the pressure at these 
regions is the normal pressure. But as the stream tubes pass by the 
edges of the cylinder, they narrow down The medium here moves 
with a higher velocity and according to Bernoulli s theorem, the pres¬ 
sure at such a region is lower. The effect of this lowering of pressure 
is some sort of suction on the edges of the cylinder. Since there is 
euction both on the upper and lower edges in opposite directions, there 
is no resultant effect. The cylinder can thus move within the ideal 
fluid without any resistance. Fig. 244 shows the picture of a stream 
line flow of an ideal fluid across an inclined plate P. The stream lines 
narrow down at the edges producing a couple on the plate tending to 
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make it flat at right angles to the direction of motion. When once 
made flat there is no resistance to the motion. This was what the 
laws of Hydrodynamics predicted one hundred years ago. 


But it has been an observed fact for a long time that any body 
moving in air experiences a force tending to resist its motion. Air then 



Fig. 246 Fig. 246 

does not behave as an ideal fluid. When air flows past a body then due 
bo I the ob3truction of the body, the air deviates its original straight 
course not only along the surface of the body but also at a considerable 
distance from the body. So long as different layers of air move side by 
side within fixed tracks, the motion is stream-lined. 



Fig. 247 Fig. 248 

The nature and distribution of stream lines of air flow around a 
body depends mainly upon the shape of the body. Small models of the 
body may be suspended in an wind tunnel and air may be forced through 
the tunnel with a known speed. JetB of smoke may be introduced 
within the stream aud the course of the smoke may be studied. Fig. 245 
Sc 246 represent the stream line flow around a cylinder and an inclined 
plate duo to air. Observe the formation of eddies behind them. Some 
quantity of air sticking to the backside is responsible for the formation 
of eddies and resistance to motion. 

Fig. 247 represents a plate P with its surface placed at right angles 
to the stream of air in a tunnel. The lines of flow bend round the edges 
and eddies are formed behind the plate as shown by short and irregular 
lines. There is a considerable fall of pressure within the region where 
eddies are formed, due to which there is a suction over the plate from 
behind. This suction pulls the plate from behind and so the plate ex¬ 
periences a large resistance to motion in air at this state. If the plate 
be inclined aB in Fig. 246, eddy resistance becomes less. 

Fig. 248 shows a body which has been so shaped that minimum 


ABT. 168 


AERONAUTICS 


279 


eddies are formed, when placed in a stream of air. Lines of flow are 
regular and do not break down into vortices. Hence there is minimum 
resistance to the motion of such a body. A body, so shaped as to exert 
minimum resistance to the medium through which it moves, is called 
a stream lined body. The conditions determining a stream line How 
round a body depend upon the shape and the nature of surface ol the 
body as well as the relative speed of the fluid moving past the body. 

169 Wind Force on a Flat Plate.—When a flat plate of area 
A moves with a velocity v at right angles to its surface in air, we may 
determine the wind force upon it from a simple consideration neglectin 0 

the suction effect due to eddy formation. 

We may suppose that the plate pushes before it some quantity o 
air and in doing so sets that quantity into motion every second. f 
be the density of air, then the mass of air trapped per second is A up 
provided no air is deflected and the change of velocity of this mass 
per second is v. Hence according to Newton’s law, the force delivered 
by the plate is the product of the mass and the rate of change o 
momentum, that is A v m P. Since some air leaks by the edges of 
plate, the actual force P is found to be 

The quantity 1 28 is called the force co-efficient of the plate . for 
nernendicular incidence of wind. The expression jPV is the kinetic 
^ergy per unit volume of air and is sometimes called the kinetic energy 

density of the medium. 

fTglaJTane of a window can withstand a pressure of €5 lb. per square foot 
Find the speed of the air blast which will break the pane gtven that the dens.t> of 

air is *08 lb. per cubic foot and g — 32. 

A Let v = velocity of the blast producing a pressure of ~» Ib./sq. It. 

Now 25 lb./ft." = 25 X 32 poundals/ft. 1 = 1-28 X 4X-0SX » 
whence v = 125 ft. per second. 

170. Resistances in Aerial Flight.-When a body moves in air 

or in any other real fluid, some resistances are always offered by the 

medium at any part of the body. Let a plate AB be moving in arm 

a direction BM (Fig. 249). The wind moves relatively in the direc¬ 
tion W and impinges on the lower surface. Some quantity of air is 
stopped by this surface. Hence a change of momentum of that quantity 
of air is taking place every second. This is 
equivalent to a force Ri acting at a point U 
on the under side at right aDgles to the 
surface. Some other quantity of air slides 
past the surface of the body along 8 in a 
direction parallel to the surface. Behind the 
body some quantity of air is thrown into 
the whirls and eddies. There is a reduction 
of pressure over this region, due to which 
the upper surface of the plate is sucked up in 
a direction CT. This is equivalent to another 
force acting at the point C and along the same direction of the force 
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R x . Let the sum of these two forces be R which is called the resultant 
re-action. The different types of resistances to motion may be classi¬ 
fied under the following heads.— 

(i) Drag.—Let the resultant reaction R be resolved parallel and 
perpendicular to the direction of the wind. The component D of tho 
force R, measured along the wind is called the drag. Thus D = R cos 0, 
where 0 is the angle between the section AB and its direction of motion. 
A part of the energy of motion of the body is uselessly wasted in drag¬ 
ing the medium behind it. Moreover due to the formation of eddies 
there is a large increase of wind resistance. The space immediately 
behind the body where there is no stream of air is called the dead 
space. 

(ii) Skin Friction.—Whatever might be the speed of a moving 
body, the layer of air in contact with the body moves with the body 
due to adhesive property. The air at a small distance from the body 
is practically at rest. If we consider different layers of air parallel to 
the surface of the bods within this region, there would be a relative 
motion amongst such layers. A relative motion between any two 
layers of air causes viscous resistance to play and retard the motion of 
the body. This is called the skin friction This theory was put for¬ 
ward by Ludwig Prandtl, a German mathematician in 1904. This is 
called the Boundary Layer Theory. 

(iii) Lift.—The component L of the force R perpendicular to the 
direction of the wind velocity is called the lift. Thus L^R sin 0. 
When the body is moving in a horizontal direction, the lift component 
act9 against the weight of the body and is equal to it. 

It can be proved that the resistance R is proportional to the frontal 
area A of the body, square of the relative velooitiy V between the body 
and air and density p of the air. Hence R* A\ Ti, p. Let us put 
R ■= (K^pV‘ J )A in terms of kinetic energy density of the medium. This 
constant K is called the force coefficient of the body, since, it depends 
mainly on the shape of the body as well as on the angle 0 between 
wind velocity and surface of the body. 

The efficiency of the flight of an object depends upon reducing the 
drag component, and increasing the lift component. The drag is 
minimised to a great extent by reducing formation of eddies and this 
is only possible when the medium round of the body relatively moves 
in a regular or stream line fashion. The stream line shape of the body 
satisfying such a condition has the maximum lift with a minimum 
drag. 

171. Air Speed Indicators.—The earliest method of measuring 
the speed of an aircraft was based upon an observation of the speed of 
revolution of the blades of a email fan fixed with the aircraft due to 
the thrust of the wind upon it. It is in fact a sensitive form of an 
anemometer ordinarily used for meteorological purposes. Of late this 
instrument is replaced by other more sensitive types of measuring 
apparatus. 
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Fig. 250—Venturi tube 


The Venturi tube (Fig. 250) consists of a metal pipe wider at both 
ends and constricted at the middle part B. The axis of the tu 
kept horizontal. Air can be forced ^ x 

through the pipe and the speeds of y. _ 

air at different parts of the tube can ; v » 

be examined. The tube is provided a, • » ,<*• . -- 

with a number of side tubes at ^_*- 1 

different positions such as A, B and || 

G. These tubes may be connected : M | M n 

to sensitive manometers Mi.^la l M J (h J| ! | 

M» by rubber tubing. When there 

is no motion of air inside the pipe, p Ig> 250—Venturi tube 

ib. pressure distribution: a. all 
parts of the Venturi tube is equal to the atmospheric pressure. 

When the air is forced “he^^ eStEuS. VMS'S 

of the pipe and the area of 

cross-section at that region must be constant. 

If Vl . - velocity of air on entrance 

Vo - velocity through the constriction 
a x - cross-sectional area of entrance of air 
a a “area of constriction 

a 9 

Then, or ^ 

~. „ - ,, mlls t be greater than v t It is found that the 

.. f^with'in the tube connected to the constricted part of the pipe 
ll . qUld , Highest point while tubes connected at the wider parts rise 

Z7 This shows that where speed of air is high pressure rs less. 

Now, Pa -P» + Wa 8 - P« * j rP^i a (Qi/aa) 

a/ 2(Pi — P») ... (171,1) 

whonco v \ v n n. o 9 — a o * 


whence 


a v 

* _ 


(171,0 


Thus speed of the air at ‘-b.-«b. <ouud 

Veutud meter™ widely use'd to measure the quantity of water passing 

thr °pt 1 t TubeMTl^ireonsiTof two tubes mounted vertiealiy. side 

, ( Fi - 251) One of them, called the static tube S. has a pointed 

by side U>ig. ML), une oi . dri n ed through its walls at a 

~ riSfi= 

S r£S 

differenee of p^ure^at'the'two^alves of the ehamber. the diaphragm 
would be bent by the excess of pressures and the amount of tending 
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'is proprotional to it. The bending is mechanically magnified by the 
^movement of a pointer over a dial R calibrated in miles per hour at 
the sea level density of air. 

The holes of the static tube are within such a short 
distance from the body of the aeroplane so as to be 
within the adhesive region of the air, where there is 
practically no relative velocity between the air and the 
body of the aeroplane. Hence the pressure as recorded 
by the static tube is the undisturbed atmospheric pressure 
P. The top of the dynamic tube projeots into the stream 
line flow having a velocity v, say. If the pressure 
recorded by the dynamic tube be P x and if p be the 
densiy of air, then according to Bernoulli’s theorem, 

P~Pi+£pv 2 or P-Px-iPV 8 . 

Hence the difference of pressures is proportional to 
the square of the relative velocity. Taking p at sea level 


^(P-P aJ^ (171,2) 

Consequently if the dial is calibrated in proportion to the square 
root of the difference of pressures, the air speed may be directly found 
from the reading of the pointer. At any altitude if a be the relative 
density of air, the instrument records v where v is the relative 
speed of air at that altitude. 

172. An Aerofoil.—An aerofoil is a suitably shaped plate which 
can move through air with the least possible resistance. It generally 
means the wing of an aeroplane. A transverse section of an aerofoil, 



known as the profile, is shown in Fig. 252. The front part of the 
aerofoil is called the trailing edge. The straight line AB joining the 
extremities of the leading and trailing edges is called the chord. The 
suitable curvatures of the top and the bottom surfaces are called oambers 
and the line running half-way between the upper and lower surfaces 
of the wing called the mean camber line. The curved line AMXB is 
the mean camber line. The thickness of the wing is measured at right 
angle to the mean camber line. Thus QR and ST are the thicknesses 
of the aerofoil at regions M aud N respectively. The distance from 



to be unity, 
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one wing tip to the other is called the wing span. The span ranges 
from 30 feet for a small plane to 212 feet in a large bomber. 

The contour of the wing as perceived from above or below the 
aeroplane is called the plan form. There are various types of the 
plan forms. Fig. 253(a) shows the plan form of a tapered wing . lbe 
plan forms as represented in figs. 253(5) and 253(c) are called positive 
and negative rakes. Fig. 253(d) shows a sweep back wing. In case of 



Fig. 263 

a rectangular plan form the ratio of the span to the chord is called 
the aspect ratio of the wing. In case of non-rectangular plan forms 
the aspect ratio is the quotient of the square of the span and the area 
S the wing* The aspect ratio ranges from 5 in fast pursu.t planes to 

8 in heavy transport planes. 

The angle between the chord and the relative wind is known as 
the angle of attack. The angle between the propeller axis or the d 
tion oMshrust and relative wind is known as the angle of incidence. 

173 Pressure Distribution on Aerofoil in M l otl ® n -.“', 
an aerofoil moves through air in a horizontal direction, the distribution 



Fig. 264—Stream lines across an Aerofoil 


of the stream lines around it is shown in fig. 254. A stream line 
OA on striking the leading edge of the foil at A divi os 
directions,-one part passing over the upper cambered surface and 



Fig. 265 



the other just under the lower surface. -These two parts meet at the 
trailing edge B and move in the direction B d. Now the length from A 
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to B along the upper surface is greater than that along the lower 
surface. Consequently the average speed of the relative wind within 
the upper stream tube cabd is higher than that of the lower one efgh. 
The region of highest Bpeed within the upper stream tube although 
slightly varying with the angle of attack iB near at the frontal part of 
the upper cambered surface. This lower part of the foil offers some 
sort of forward push to the air below it. Consequently the relative 
speed between the foil and air below it is less than that between the 
foil and air far from ifc. 

Hence from the energy principles (Bernoulli’s Theorem) we may 
say that the pressure above the foil is reduced than the normal pres¬ 
sure. Thus the upper surface of the foil experiences an upivard suction . 
The amount of suction varies from point to point along the upper 
cambered surface. Conversely elementary areas of the lower surface 
of the foil experience pressures above the normal, varying from point 
to point. Both together contribute to the upward lift. Fig. 255 and 
256 show pressure distribution on an aerofoil, when tbe angles of attack 
are 10° and 20° respectively. 

Centre of Pressure on Aerofoil.—Tbe total wind force on aerofoil 
is due to small forces which act upon the different parts of the foil. 
Hence the resultant of all these lorces meets the chord at some point 
C, called the centre of pressure. Its position depends upon the angle 
between the chord and the relative wind or upon the angle of attack. 
At a small angle the centre of pressure is located near the roar end but 
when the angle is increased, the centre of pressure advances towards 
the leading edge (Fig. 255 & 256). For the most stable horizontal 
motion of an aeroplane, the centre of gravity of the plane should meet 
centre of pressure at the same point on the chord. Tbe vertical com¬ 
ponent of the resultant air reaction should be equal to the weight of 
the aeroplane. 

If the angle of attack is increased, the centre of pressure travels 
forward while centre of gravity remains fixed. Hence a couple acts 
upon the foil to rotate it in a direction tending to increase the angle of 
at.ack further. This is stabilised by the action of wind on tbe horizon¬ 
tal tail surface of the aeroplane to produce a torque in the opposite 
direction. 

174. Lift and Drag on Aerofoil—It has already been stated 
in Art. 170 that when a body moves in air, there is some reaction of 

air acting at every part of the body. 
Tbe resultant of all tbe elementary 
reactions acts at some part of the body 
called the centre of pressure. This 
resultant reaction in case of an aerofoil 
acts at the centre of pressure 0 some¬ 
where on tbe chord and at right angles 
to it (Fig. 257). The component CD 

TO1 - , ™ • .. , , ° f the reaction R parallel to the relative 

ma vv i8,tbe drag and perpendicular component CL is the lift. Tb© 
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-weight of the foil with its associated components acts vertically down 
wards at the centre of gravity of the system. 
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Fig. ‘268 


Fig. 259 


When an air-craft flies in a horizontal direction, it is called a level 
flight. In fig. 258, the chord AB an aerofoil is supposed to move in 
a horizontal direction with a velocity 
V. Hence the relative wind is 
horizontal and so also the drag. 

The lift Cl is vertically upwards 
opposing the action of gravity W. 

When it moves in an oblique 
direction upwards, the flight is 
called a climb In case of a climb, 

the relative wind makes a certain . 

angle with the horizontal lino and consequently the lift and the action 
b of the gravity are not in 

one line (Fig. 259). The 

vertical component of the 
lift Cl has got to support 
the weight while the 
vertical component of the 
drag adds to the weight. 
Hence the speed is to be 
increased to support the 
plane in air. When the 
piano is moving down¬ 
wards obliquely, the 
flight is called a dive. In 
case of a dive, the angle 
between the relative wind 
and the gravity is less 
than a right angle. The 
vertical components of 
the lift and drag oppose 



plane. 

Lot the general value of the angle between the resultant reaction F 
and the lift L be <5. Then L - F cos <5 and D = F sin <5 whore F- iQ>V a A, 
where C is the force coefficient. 


L-£OV 3 A cos <5 ~*ClpV 8 A where C L -C cos 

D-^CpV*A sin <5-K5 z>°V*A where Cd - C sin <1 (172,1) 

The terms Cl and Cd are called lift and drag co-eflicients respectively. 
The ratio of Cl and Go are known as lift drag ratio. 

It is evident that higher is the value of this ratio, tho more is 
the load carrying capacity of the airoraft. Determination of the 
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two coefficients is made with a small 
1.75 


0.125 



5 0 5 10 IS 20 25 

Angle of attack in Degrees._ 

Fig. 261—Variation of Cl and Cd with 
Angle of Attack 

mubt he equal to the force of lift L, 

■ ■ - V3F 


model in an wind 
tunnel. It is found 
that the ratio of the 
lift and drag co-effi¬ 
cients depends upon 
the angle of attack 
and the aspect ratio. 
The variation of G l 
and C d with the vari¬ 
ous angle of attack are 
shown in Fig. 260, 
while the variation of 
the ratio Cl C d and 
the centre of pressure 
are shown in fig. 261. 

From the expres¬ 
sions for the co-effioi- 
ents of lift and drag, it, 
follows therefore that 

V — >/L,/£pACl and 

V - V D/iPACzx 

In level flight the 
weight W of the plane 
and the cargo it carries 


...(174,2) 


Study of Lift and Drag co-efficients. —With an increasing 
angle cf attack the lift co-efficient steadily increases and reaches a 
maximum value at 22° after which there is a rapid fall. The angle of 
attack of 22 at which the lift co-efficient reaches a maximum value is 
called the stalling angle of the wing. The drag co-efficient is minimum 
when the angle of attack i8 zero and it increases when the angle of 
attack is either positive or negative (Fig. 261). 

The maximum value of ratio Cli'Qd occurs at an angle of attack of 3° 
(Fig. 260). There is a fall of the value of this ratio on either side of 
this angle, more steepy fall occuriDg on the lower side. The lift-drag 
ratio determines the load carrying capaoity of an aerofoil for given 
speed. Hence for any fixed speed, the foil would be able to carry maxi¬ 
mum load when the angle of attack is 3°. The lift-drag ratio of an 
aerofoil as seen from the graph reaches its maximum value of 22‘5 
while that of a flat plate scarcely exceeds 6. 

The chain curve in fig. 260 represents the variation of the position 
of centre of pressure Op with the angle of attack, the ordinate repre¬ 
senting the percentage of the chord length behind the leading edge at 
which Cp occurs. The position of Cp is nearest the leading edge when 
the angle of attack is nearly 15°. 







ART. 174 


AERONAUTICS 


287 


Example :— 

1. An aeroplane while landing must go on a level flight to avoid jerks. What 
is the landing speed of a passenger aeroplane carrying a total load of 2 tons ? The 
wing area of the plane is 200 sq. ft. and co-efficient of lift is 1*4 (p — *08). 

A. Since it is a level flight, 





_w 

^pACz. 




2 x 20 x 4 x 16 
5x 08 x 200 x 1 4 


15 ft./sec. 


175. Description of an Aeroplane.—The components of the 
aeroplane and the function of different parts are enumerated below 


(Fig 262) *_ 

(l) The wings consist of slightly curved long plates rigidly attached 
to both sides of the body. The wiDgs support the aeroplane in air 


when in motion. . 

(2) The fuselage Fu or body of the aeroplane carries the crew, 

cargo and passengers. . . .. , 

(3) The propeller, or the air screw P consists of two, three or tour 

blades connected to the main shaft. When the blades rotate air is 

pulled from the forward direction. » . . , 

(4) The eDgine is mounted either at the fuselage or in front ot 

the wing. 



Fig. ‘262—An Aeroplane 

(6) The ailerons A are flaps hiDged to the rear of the wings and 
control the inclination of the plane while taking turns. 
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The rudder R is a part of the tail plate placed vertically and may 
be moved in a vertical plane. The reaction of this plate to the air 
current supplies the control on the flight in a horizontal plane. 

The elevator El is a horizontal tail plate which may be inclined 
up or down. The reaction of the plate to the air current controls 
climbing and diving. 

These three parts are popularly called the control surfaces. 

(6) The landing gear G is an under-carriage attachment consisting 
of— 

(*) rods and wheels supporting the aeroplane on the ground. 

These can be withdrawn into the fuselage when flying in air to 
decrease air resistance. 

(ti) pontoons for landing on water e.g., sea-plane. 

(Hi) ski-rods for landing on snow. 

176. The Propeller or Air Screw.—The function of the pro¬ 
peller is to impart to the aeroplane a forward drive through air. It looks 



like an electric fan with a revolving shaft A and two blades attached 
to the shaft (Fig. 263). An electric fan sucks air from behind and 
throws it at the front while its body remains fixed in space. Its func¬ 
tion is to generate a spreading air current, no matter whether vortices 
are produced in air. A propeller of the aeroplane on the other hand is 
designed so as to cut its way through the atmosphere imparting 
minimum air current and producing minimum vortices. 

A propeller generally consists of two blades and connected to a 
shaft at opposite points. The length and average width of the blades 
vary according to the size and nature of the air-craft. The blades were 
originally made of wooden spars. For larger planes hollow steel blades 
capable of withstanding larger resistance were replaced. Nowadays 
blades r.ro made of hard aluminium alloys. The propeller blade has got 
a continuous twist from the base to the tip and more over at any 
region the section of the blade presents the appearance of that of an 


A 



Fig. 264—Side view of an air serew 

aerofoil so as to allow a stream-lined air flow round it. The twist 
introduced to provide for a constant angle of attack of the relative wind 
along the ontire length of the blade (Fig. 264). This would be evident 
from the following considerations. 
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Suppose that the length of the blade is divided into small slices at 
right angles to its length. Let us take the section AB of any one slice 
(Fig 265) at a distance r from the axis of rotation. If the blade 
rotates n times per second, then this elementary part moves through a 
distance of 2 nm per second over a spiral curve. We can call it as the 
tangential velocity of the element. Lot CG represent the tangential 
velocity of the blade element. If the air-craft moves linearly through 
a distance V in one second, then the wind would strike the 
plane with a velocity V from the front. But as the propeller rotates 
it sucks air in its front and consequently the head wind has an addi¬ 
tional speed v, say. Thus the forward motion of the blade with respect 
to air is V+v, which is represented by the length CF. 

Hence the moving blade element at any position has got two 
motions, a constant forward motion CF and a tangential velocity CG 
depending upon its distance from the axis of rotation. The element 
would, by the parallelogram law, move along CH and the relative wind 



Fig. 266 Fig. 266 Fig. 267 

would strike the blade in a direction HC. For the best possible ratio 
of the lift and drag, the angle between the direction of the relative wind 
and the chord of the blade element is about 3°. The twist of tho blade 
should be such that at its any region tho angle of attack is about 3°. 

Near the wing tip 2”rn>>-F+v since r is large (n is generally 
high being 1000 to 1800 revolutions per minute). Consequently CG 
is very large compared to CF and so the resultant CH would bo inclined 
more in the direction of CG (Fig. 266). The direction of relative wind 
is almost at right angles to the direction of forward movement of the 
air-craft. For this reason the chord of the propeller is also placed 
nearly at the right angles to the propeller axis. Again near tho shaft 
2^rn<<C F + v, since r is small. Consequently the direction of the 
resultant is almost parallel to the direction of aircraft in motion 
(Fig. 267). Tho chord of tho blade element at this region is kopt 
parallel to the shaft. As wo recede from tho shaft along the blade, tho 
twist becomes proportional to its length. A given form of twist is 
most suitable for any particular speed and frequency of revolution of tho 
propeller. This suitability is maintained by altering tho twist of tho 
blade of an aircraft by means of hydraulio transmission while in tlight 
at various speeds. 

Pitch of Air Screw. —Tho motion of the propeller through air is 
in some way similar to the motion of an ordinary screw through a nut. 
In case of a screw, the distance moved through for one revolution 
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is equal fco the pitch of the screw. But in case of a propeller, the- 
forward advance for one revolution is not a fixed quantity. A metal 
screw in a screw hole doe9 not slip because of the rigid grig between 
the groove and the flange, while the air screw of the propeller under¬ 
goes certain amount of slip because air being a gaseous medium and: 
serving as the screw hole of the propeller, moves backward as the pro¬ 
peller rotates and advances. The speed with which air moves behind 
the propeller is known as the slip stream. The slip of the propeller is the 
difference of the distances it travels with and without slip stream. 

Propeller Efficiency.—The efficiency of a propoller is defined 
to be the ratio of the power consumed in driving the aeroplane forward 
to the power delivered by the engine in rotating the shaft. The 
efficiency ranges from 80% at high speeds to 60% at low speeds. 

Propeller as a Gyroscope.—A gyroscope is any mass rotating 
uniformly about an axis passing through its centre of gravity ; for exam¬ 
ple the fly-wheel of an engine, the spinning top etc. Hence the 
propeller with the rotating shaft may be considered to be a type of a 
gyroscope. It is a property of a rotating body to tend to maintain- 
its axis of revolution along a fixed direction in space. It is for this reason 
that the earth due to its diurnal revolution behaves as a huge gyroscope 
and maintains it& axis of rotation always along a fixed direction. 

To change the axial direction of a gyroscope an external torque is 
necessary, the direction of the torque to be applied depends upon the 
direction of the rotation of the gyroscope. A single-engined aeroplane 
moving in a particular direction in space tends to maintain this 
direction due to the gyroscopic effect. Suppose that the plane 
moves horizontally and the propeller rotates clockwise. In order to- 
steer it for a climb in a vertical plane, if the elevators are only worked, 
the plane would be found to move continuously to the right as it 
ascends. Hence a counter torque is to be applied by the rudder to 
turn it to the left when it is found to nose up gradually. This follows 
from the principle of conservation of angular mementum. This is a 
serious defect of a single-engined air craft and is dangerous during swift 
manouvres. The latest types of air craft are provided with two or four 
engines with shafts revolving in opposite direction. The gyroscopic 
effect of ono engine being counteracted by the other. Hence there 
is no trouble with regard to steering of such air-crafts. 

177. Harnessing Wind Power.—Energy of the moving wind 
has found application to small scale industries for a long time in- 
Europe and Middle East. It is the earliest and cheapest natural power 
utilised for useful purposes. The principle of deriving power from air 
lies in setting a light propeller against an wind blast, which rotates 
due to reaction. Small toy propellers made of paper or a light sheet of 
tin and mounted on horizontal axis are often sold in fun fairs. The 
propeller consists of a number of blades fixed symmetrically around its 
axis of rotation and each blade is given a suitable curvature to be able, 
to react with the wind with maximum efficiency (vide preceding Art). 
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The earliest utilisation of the air power is to bo found in wind mills. 
An wind mill consists of a high structure, called the air tower, raised 
above ground. At the top of this structure is a 
horizontal shaft S which is mounted on roller 
bearing and with which is fixed the propeller P 
containing a number of blades. Usually there 
are four blades or sails but in some cases a 
large number of sails are fixed to a circular ring 
structure. The rotational motion of this shaft is 
conveyed to a vertical shaft V by toothed gear 
and from this vertical shaft power is derived. 

Since direction of the wind changes from 
time to time, there is some device to change 
the direction of the propeller always against 
wind. This is done automatic by attaching a 
light vertical blade F behind the propeller. The 
propeller shaft is connected to the tail blade 
by an elbow joint T through a sleeve. The joint 
is mounted on a drum D which can freely 
revolve on a vertical axis. The blade always 
places itself with its axi3 parallel to the 
direction of the wind and so adjusts the 
position of the propeller. In some form of wind 
mills, the setting of the propellers automatically 
against the wind is done by means of a small 
fan fixed at right angles to the principal sails. 

With a fixed form of the sails the speed of revolution of this 
propellers would depend upon the wind velocity and consequently 
the power supply would be different at different periods. Supply 
of a constant power is not possible with an wind mill but it can 
be partially controlled with an automatic ‘reefing' arrangement intro¬ 
duced by William Cubitt. Ho constructed sails of wooden laths tied 
together with cords. In a high wind the laths are turned partly edge¬ 
ways decreasing the wind reaction. Ordinary wind mills can run with 
a minimum wind velocity of about 10 miles an hour but the very best 
type requires only half this value. The latest typo is designed in 
U. S. A. and from this machine power can bo derived for 9 months a 
year on the average. 

Although an wind mill is one of the earliest powers discovered by 
man, it has several disadvantages. The wind is irregular in motion and 
direction and sometimes it becomes so 6low in motion that propellers 
do not work at all. Consequently regular supply of power cannot be 
achieved from an wind mill. Unlike water power, air cannot bo stored 
in a reservoir for supply during stuffy weather. Due to all these 
difficulties, steam and other powers have gradually replaced air power. 

But even when wo part with the wind mill on its verge of retire¬ 
ment, we must say a few words of respect inasmuch as it saved 
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daring 15fch century and onwards the western part of Holland from the 
clutches of the sea. That part of the land is below the sea level and 
frequent floods would create havocs. The Dutch erected dams and 
utilised wind power in pumping out water. In England, things like 
milling, stamping, sawing eto. were formerly done by wind. Very 
satisfactory agricultural.developments have been done by the wind mills 
in Holland, England. Australia and Argentine. In Nebraska, the wind 
power has been utilised in irrigating an apparently hopeless desert 
which is now transformed into a green and fertile expanse of wheat 
fields. 

178. Equilibrium of Forces.—An aeroplane in flight is in equilib¬ 
rium under the action of various forces. The wind force on the wing 
has its components L and D. The weight W of the plane with its 
components acts vertically downwards through the centre of gravity of 
the system. The propeller thrust T on the air is parallel to the longi¬ 
tudinal axis of the aeroplane. If the resultant of these forces is to be 
zero, they must meet at a point or be parallel. In this particular 
case they all meet at a point. Let the angle between the relative wind 
and the direction of propeller thrust be 0 and the angle between the 
relative wind and horizontal plane be If. For equilibrium, the force 



components parallel to the wind must cancel each other and so also 
force components at right angles to the direction of relative wind. 

Case I. Level flight. —In case of a level flight, Y = 0. (Fig. 269) 
6ince relative wind is horizontal. Then, 

T cos 0 ■= D and T sin f — L “ W (178,1) 

If in a level flight the propeller thrust is also horizontal 0 = 0, 
Then, 

T = D and L ■* W (178,2) 

C.ifo II. Climb. —In case of an aeroplane forging in an upward 
direction (Fig. 270) relative wind makes an angle >' with the horizontal. 
Then, 

T cos 9 = D + W sin y and W cos >’ — L i- T sin 0 (178,3) 

Case III. Dive. —In case of an aeroplane moving in a downward 
direction (Fig. 271). 

W cos V = L + T sin 0 and T cos 0 ■= D - W sin y (178,4) 

Case IV. Glide . —In case of no thrust of the propeller (T°0) 

L - W cos y and D - ± W sin y (178,5) 
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179. Stability in Flight.—An air-craft in flight may take up 
various positions in air depending upon the load distribution, wind 
pressure and nature of the course of flight. When disturbed from such 
a position, the tendency of the air-craft to take up its original position 
is called stability. 

An aeroplane may rotate about three perpendicular axes passing 
through its centre of gravity while in flight (Fig. 262). 

Rolling.—Any rotatory or oscillatory motion of the aeroplane about 
an axis XX' passing through the nose and tail tip is called rolling. In 
rolling one wing rises while the other drops down. The capacity of 
the air-craft to control rolling is called the lateral stability . The lateral 
stability is controlled by ailerons. 

Pitching.—Any rotatory or oscillatory motion of the aeroplane 
about an axis YY' passing through the wing tips is called pitching. 
In pitching the nose and the tail move up or down. The capacity of 
the aircraft to control pitching is called the longitudinal stability. The 
longitudinal stability is controlled by elevators. 

Yawing.—Any rotatory or oscillatory motion of the aeroplane about 
an axis ZZ' perpendicular to the wing surface is called yawing. In 
yawing the nose and the tail move in opposite directions with respect 
to the pilot along the plane of flight. This is controlled by the rudder. 


180. Jet-propelled Craft.—The speed gaining capacity of a pro¬ 
peller-driven aeroplane is seriously hampered when the speed exceeds 
about 450 miles per hour, because of the excessive air drag upon the 
propeller blades. Hence for an eflicient high speed flight some auxiliary 
device such as a jet-propulsion engine is to be installed with or without 
the air screw. Recently jet-propulsion device without the propeller is 
resorted to for high speeds. With jet planes a speed of 350 to 400 miles 
an hour near the earth’s surface and nearly 600 miles an air at a high 
altitude are common nowadays. During August 1951, an American 
pilot Bridgeman attained a speed of 1238 miles an hour in a Skyrocket 
jet plane having travelled almost twice as fast as the speed of sound. 
He broke the world’s speed as well as the altitude record when flying 
at 79,494 ft. high up from the sea level. 

In a jet-propelled machine, a gas is exploded in a chamber and the 
exhausted pipe faces the rear of the machine. As the exploded gas blasts 
through the exhaust in the rear direction, the machine by reaction 
receives a forward impulse. The rate of blasts is made as frequent as 
possible, so that the machine gets a large number of impulses over a 
period. The average of all these impulses per second is the thrust 
acting on the craft due to the jot reaction. 

In one form of a machine, air forces its way through an opening of 
a tunnel at the nose of the jetplane. This air is compressed by an 
air pump and is mixed with the exhaust gas to raise its temperature. 
This compressed mixture is mixed with a highly influmable fuel such 
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as gasolene and then exploded in a chamber. The exhaust of the 
combustion chamber leads to a nozzle having variable orifices. 

The action of a jet-propelled craft depends upon the principle of 
conservation of linear momentum of two bodies in contact. If one of the 
two bodies be acted upon by an impulse in a certain direction, the 
other one by reaction receives an equal and opposite impulse. Conse¬ 
quently the second body would move away from the first gaining a 
certain speed in the opposite direction. 

There are very many problems with regard to high speed flights. 
One of them is the heat developed due to friction with air. The mete¬ 
orites, due to their extremely high velocities, are so much heated as to 
be ignited. The average speed of a meteroite has been calculated to be 
about 45,000 miles an hour. The rise of temperature in degrees centi¬ 
grade is equal to the square of the speed of the body when expressed 
in units of hundreds of miles per hour. The German V, rocket launch¬ 
ed against London had a speed of nearly 3000 miles per hour before 
falling to the earth. This means that the nose of the rocket had a 
rise of temperature of nearly 1000°C. 

In a rocket propelled craft, the explosion of the fuel within the 
combustion chamber does not require atmospheric air ; the chemicals 
used within the machine supply all the energy of combustion. A rocket 
is therefore a self-contained or chemical-fuel motor and has a likelihood 
of travelling much bettor above the earth’s atmosphere. Most of the 
V a rockets used alcohol and liquid oxygen as the explosive fuel. 
Although it is too early to make any definite statement at this stage, it 
may be possible that in near future we might see passenger rocket planes 
bound for Venus or Mars. A scheme is being drawn up to make a 
space station at a distance of 1200 miles from the earth’s surface where¬ 
from to make a final journey to the moon by a convoy of three rocket 
pianos The scientists are optimistic about the view that all necessary 
arrangements may he completed and the maiden journey undertaken by 
the year 1975. 

181. High Altitude Flight.—The high altitude is characterised 
by a marked fall of atmospheric pressure, air density and temperature. 
With lowering density, the blade thrust on air decreases resulting in a 
consequent fall of the lift and drag. The speed and the load capacity 
of the air craft diminish This is compensated by jet-propulsion. 

As air pressure diminishes considerably, the sucking power of the 
fuel by the corabusion chamber falls off. Consequently less and less fuel 
would bo fed to the chamber with increasing height resulting in a 
decrease of horso-power of the engine. Aa an example a 1200 H. P. 
engine develops 500 II. P. at 20,000 ft. and 250 H. P. at 25000 ft. This 
loss of powor may be compensated by maintaining the constancy of air 
pressure by a super chargor. The super-charger is in principle a com¬ 
pression pump geared to the engine. 

At an altitude of 36,000 ft. where the temperature is - 55°C, the 
effect of different contractabilities of metah becomes very perceptible. 
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Metal joints become leaky unless special precautions are taken ; rubber 
becomes brittle, pipe lines freeze and transmission cables slacken. 

In addition to these effects there are also various physiological 
effects. Firstly due to lowering of temperature woolen and sheep skin 
suits are essential for the body protection. For very high altitudes the 
cabin should be electrically heated for further warming up The oxygen 
content of the higher atmosphere is so scanty that oxygen from 
cylinders is supplied to make up the deficiency. The cabin should be 
properly sealed to maintain the standard pressure inside. 

Unless these precautions are adopted, the pilot is to suffer symp¬ 
toms such as breathlessness, muscular weakness, giddiness and pain 
in ear, which may ultimately prove fatal. In spite of all the disadvan¬ 
tages there are some advantages of high altitude flight. The weather 
conditions fairly remain constant and consequently flight is very smooth. 
Due to rarefied air, the air resistance is smaller and a larger speed is 
possible for a given angle of attack and weight of the air-craft. 


WILBUR AND ORVILLE WRIGHT 

Wilbur Wright was born at Millville, Indiana, on April, 16, 1867. 
Orville was his younger brother. The father of Wrights, Milton Wright 
was a Bishop of the religious organisation known as United Brethren 
of Christ. The two boys received the school education in Richmond 
and Dayton. They began their careers at job printers and then became 
bicycle repairers. 

Towards the end of the nineteenth century, they turned their 
attention to aerial flight which was in those days entirely confined in 
balloons. A few workers were busy in designing air-ships and such 
other lighter than air machines. But the Wright brothers aimed at a 
heavier than air machine to be driven by motor engines. 

They first noticed the utility of wings of birds in the matter of flight 
and made a systematic study of the relation between the weights of 
birds and the corresponding wing spans. Then they formed some idea 
regarding the possible wing structure of the machine that would fly 
with required accessories. They first modelled gliders of various shapes 
without any engine. After studying successfully the lift of gliders, an 
engine was fitted to one glider to revolve propellers for a forward 
motion. The first flight in such a machine was made on December 17, 
1903. The following year a more improved type of machino was 
constructed which could fly a distance of 20 miles. 

In 1908, Wilbur Wright started for Europe with a newly-built 
machine for demonstration purpose. He made a successful flight in 
France. He died on May 30, 1912. 
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Wind Tunnel Experiment.—To study the wind stream and distribution of 
wind pressure on a model, it is suspended within a chamber known as an wind 
tunnel and wind is blown against it from a propeller. 

Bernoulli's Theorem.—In case of flow of an ideal incompressible fluid free 
from viscous resistance, sum of the potential, kinetic and pressure energies at any 
point along a stream line is constant. In case of air, the statement may be sim¬ 
plified in the form. v a -f- P = const. 

Venturi Tube Experiment.—It is a conical shaped pipe through which air 
can be blown. A number of manometers are attached at different regions. This 
apparatus is used to measure air speed. Pitot tubes are also appliances by which 
air speed may be found. They compare the static and dynamic pressures of the 
wind. i 

* Drag. Lift and Skin friction are three resistances encountered by a body 
moving through air. An Aerofoil is a suitably shaped plate which can move 
through air with least possible resistance. The surfaces of the foil are properly 
cambered. When an aerofoil moves in air, there is a thrust of the air from below 
and a suction of the air from above. These two together constitute the resultant 
thrust. 

Centre of Pessure of the aerofoil is the point on the chord where the resultant 
thrust of air acts. Its position depends upon the angle of attack of the foil. 

An Aeroplane consists of wings, fuselage, propeller, engine, ailerons rudder, 
elevator and the landing gear. The Propeller may be considered to be a con¬ 
tinuously twisted aerofoil providing the forword tlu-ust of the air-craft. The 
Stability in flight depends upon rolling, pitching and yawing. 

Jet-propelled Craft is used to secure greater efficiency of flight in higher 
altitude. High Altitude Flight requires arrangements for high speed of the craft 
maintaining pressure in the curburettor, hermetically sealed room for the main¬ 
tenance of temperature and pressure for the passengers. 


Exercises op Chapter XIII 

Reference 

Ait. 158 1. State and explain Bernoulli's Theorem. How can it be applied 

in case of an air-craft in motion ? 

Art. 159 2. A horizontal pipe of cross sectional area G sq. inches broadens 

out into a pipe of cross sectional area 10 sq. inches. The pressures 
recorded are 8 lb./sq. in. respectively. What volume of water is deli¬ 
vered per hour ? 

A. 4,550 cu. ft./hour. 


Arts. 

120 A* 10 A 
Arts. 

101 & 168 


3. Explain fully what you mean by surface tension and viscosity. 

Explain why rain drops are spherical. (P. u._1951) 

4. Explain what is meant by stream line flow. Describe an ex¬ 
periment to demonstrate the deformation of stream lines by an obstacle. 

Discuss the flow of air past a flat plate moving through air with 
a high velocity with its face inclined at a small angle to the direction 
of motion. Show how the lifting force is produced on the plate and 
expluin how it varies with the angle of incidence of the plate. 

(P. U.—1945) 
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5. Explan with illustrations giving neat sketches how cani you 

use water power and wind to do your work. (C. U.—lass; 

6. How strong is the wind force against a wind shield 2 ft. X 3 ft. 
of a motor car moving at 10 miles per hour. 

A. 32-5 lb. 

7 What is a cambered wing ? Draw a neat diagram of a section 
of it perpendicular to its span and indicate in it the lengths known 
as the chord, the upper camber and the lower camber. What are the 
essential points that are kept in view of its construction^ U—1{)40) 

8. IIow do you get the ‘lift’ that supports the aeroplane in the 
air. what is corresponding with drag ? Define co-efRc.ents of lift and 
drag ; prove that in a horizontal flight. 

v=v^F 

where V = velocity of the machine. S = area of win* k = j cocgLjf 
lift and d = density of air. v ' , 

9. Write short notes on variations of ‘Lift’ and Drag 

angles of incidence. ' 

10 What is a stream lined body ? Describe the structure of an 
aeroplane wing an<l discuss the factors upon which 
depends. 

11. Draw a neat sketch of an aeroplane showing its essential part 
and explain fully the action of each part. < * at ^ u.—1052) 

12 What are the functions of (n) the propeller, (b) the wings. 
(e> the ailerons. Is there any limit U, the height at atuel^,ae^ 

plane can ascent ? , 

13 Explain how an aeroplane manages to remain suspended 

during its flight and when it tnkc^turn^,^ ^ ^ p „ 

, What in r »ir screw , Exp,am> how 
motion to an aeroplane. vl ai. u. - 

15. Can an aeroplane fly without wings ? Can an ^plane^fly m 
vacuum? Give reasons for your answer. (Utkal. U. 1952) 

10. What arc cambered wings in an aeroplane ? Explain their 
action. Also explain with neat diagrams the action 

fin and rudder. „ 

17. Explain clearly the part played by (a) the propeller, (b) the 
wings and (c) the ailerons in the flight of an aeroplane. ^ 

18. Wiat is the stability of an aeroplane Explain with the help 

•i th ' ” f p ‘ rls 

1 19. Write a note on the flight of an aeroplane and indicate if there 
ia a limit to the height to which it can ascend. (Utkal. U.—1948) 


Ref erence 
Arts. 

162 & 177 
Art. 169 

Art. 172 

Art. 174 

Art. 174 
Arts. 

174 Sc 175 
Art. 175 

Art. 176 

Arts. 

174 & 175 
Art. 176 
Art. 180 
Arts. 

172 & 175 
Art. 175 

Art. 179 

Art. 181 




HEAT 




CHAPTER I 

thermometry 


1 Heat.—From our earliest day we are familiar with the sens¬ 
ations of heat and cold. If we stand in the sun or before fire, we feel 
hot ; while, if we hold a piece of ice in our hand we feel co!d. The 
physical cause, due to which we have such feelings of hotness or 

coldness is termed heat. 

Energy in mechanical or some other form may be transformed into 
heat. Thus, heat is produced when we rub our hands together or when 

a niece of iron is hammered on anvil. Again when coal burns in a r. 

heat is produced. Here energy of combustion of coal appears in the 
form of heat. On the other hand, heat can be transformed into different 
forms of energy. Thus in a steam engine, heat produced by the combus¬ 
tion of coal converts water into steam within the boiler, which sets the 
engine in motion and so mechanical work is done at the expense of the 
heat. Heat is therefore a form of energy. 

2. Temperature.— When heat is applied to a body which is not 

in a state of melting or vaporising, it grows hotter. Conversely when 
heat is taken away from it, it becomes colder. Generally speaking 
temperature is the measure of hotness of a body. If, on touching two 
bodies A and B. A appears to bo hotter than BA is said to beat a 

higher temperature than B. Thus temperature is the manlfo3tat ‘°° ° f 
heat in material bodies, which we can compare by our sense perception.^ 

Accurately defined, temperature is the thermal condition of a body 
which determines whether the body will communicate heat to ° r rece ™« 

heat from another body, if put into thermal communication with each 

other. If a hot metal ball be dropped into a mass of cold water, the 
ball after sometimes appears colder than before while the water' aPP^-rs 
warmer. Here, heat has loft the hot ball and has passed into the cold 
water. So the passage of heat from one body to another depends 
their difference of temperatures. 

Distinction between Beat and Temperature.- Although the terms 
heat and temperature appear so much alike, they do not con\oy the 

same meaning :— 

(1) Temperature indicates the thermal condition of a body, whereas 

the quantity of heat possessed by it is a form of energy .• 

(o) Heat generally increases the temperature of a body. But if a 
u l. *i it- bo at definite toroper&turo8 f known 

b ° th^melting or boiling point. The application c^heat at those two 

States is utihLd in melfing or boiling out mor^substance without 

change of temperature. (Chap. VI). 
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(3) Two bodies may be at the same temperature although the 
quantity of beat possessed by each may be different. If, out of a large 
mass of boiling water, a small portion is taken off, the temperature of 
the two masses is the same, although the quantity of heat in the for¬ 
mer is far greater than that in the latter. 

(4) The flow of heat from one body to another depends only on 
their temperatures and not on the quantity of heat possessed by each. 
The amount of heat in a red-hot iron ball may be far less than that in 
a bucket of warm water ; but if the ball be put into the water the 
former will communicate some amount of heat to the latter. 

(5) Temperature is analogous to surface level in the case of liquids. 
If the level of water in a vessel be higher than that in another, water 
will flow from the former to the latter when communication is mad© 
between the two vessels ; this takes place irrespective of the quantity 
of liquid in each. The flow ceases as soon as the level of water in both 
the vessels becomes the same. Similarly, heat will pass from a body 
at higher temperature to one at a lower temperature, irrespective of th© 
quantity of heat possessed by each and there will be no further transfer¬ 
ence when the temperature of the two bodies becomes the same. 

3. Effects of a Change of Temperature.—When a body is heated 
or cooled so that its temperature changes, the following among other 
effects may be observed :— 

(*) Change of Volume —It is found that, in general, bodies increase 
in volume when heated and contract when cooled. 

(*») Change of State —On being heated, a solid at a certain tempera¬ 
ture generally passes into the liquid state and similarly a liquid at 
another fixed temperature passes into the gaseous state. Thus, when 
ice is heated, it gradually melts into water and when the water i© 
heated, it passes into steam. Conversely, steam being cooled change© 
into water and water being sufficiently cooled freezes into ice. 

(Hi) Change of Physical Properties .—Almost all the physical 
properties of matter are modified by a change of temperature. Thu© 
the elasticity of solid, the surface tension and the solvent power of a 
liquid, the power of metals to conduct heat and electricity etc. ar© 
affected by changes of temperature. Zinc is hard and brittle at ordinary 
temperature but soft and flexible when heated ; iron is softened or 
tempered by alternate heating and cooling. 

(tv) Chemical and Electrical Effects. —Many substances Buch as 
lime, are decomposed when sufficiently heated. Again some chemical 
union is brought about by application of heat. The electrical resis¬ 
tance of a conductor changes as its temperature is changed by heat. 10 
a circuit is made by joining wires of two dissimilar metals and if one 
of the junctions be heated, an electric current flows through the circuit. 

4. Measurement of Temperature.—All our ideas regarding 
difference of tempfft'atures are primarily derived from the sense of touch. 
The temperature of the hand is therefore the criterion in these cases. 
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But this method of estimating the relative hotness or coldness of a body 
cannot be taken to be accurate for the following reasons . 

(i) Our sensations are not sufficiently delicate. 

(ii) Judgement as to the temperature of a body is sometimes 
incorrect. For instance, if the right hand is placed in hot water■ a 
the left hand in cold water and then both be immersed into a mass of 
lukewarm water, the water appears cold to the right hand but hot to 
the left. Again different bodies at the same temperature may gi e 
different ideas of hotness or coldness, when touched by the band. 
Thus if a piece of wood and a piece of the polished iron lying side by 
side be touched, the latter will appear colder although in reality both 
are at the same temperature. The instrument that is devised for 
comparing and measuring different temperatures is known 

thermometer. 

We take recourse to one or the other physical property of a subs- 
tance which should change uniformly with temperature and which at 
the same time must be capable of easy and accurate measurement 
It is an observed fact that when a substance is heated, its volume 
increases continuously with rise of the temperature. The change of the 
volume of a suitable substance may. therefore, be taken to ^joate the 
corresponding change in temperature. Mercury is most suitable as 

theremometric substance. 

5 Mercury Thermometer and its Con.truction.-The most 
common form of thermometer is a mercury-m-glaes thermometer. 

consists of a Bmall cylindrical bulb (Fig. 1) pro- 
vided with stem of very narrow and uniform bore. 

The other end of the stem is closed and there is 
mercury inside. The volume of the enclosed mer¬ 
cury changes with change of temperature and for 
a definite temperature the volume occupied by 
mercury is also constant, as shown by a definite 
position of the mercury column along the stem. 

The stem is graduated in accordance with some 

standard scale, so that each division; represents 

an equal change in temperature. 

Construction of a Thermometer.—A piece 
of thick-walled capillary glass tube of uniform 
bore is taken. It is thoroughly cleaned and dried. 

A bulb B is blown at one end (Fig. 2). At O, a 
little below the open end, the tube is heated and 
drawn out so as to make a narrow neck. A 
small funnel E is then attached to the open end 
bv a short piece of rubber tubing. The tube 





rig. 1 Fig. 2 


by a short piece oi runner —... 1B hel( ? » n * \ ertlc * 1 

position and a qnantity of pure and dry mercury is put into the funnel. 

As the bore is very narrow and as the tube is filled xjath air. the mer¬ 
cury does not run down the tube. To introduce the%ercury into the 
bulb, the latter is gently heated ; the air in. the bulb expands and a 
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portion of it babbles out through meroury in the funnel. The bulb, 
being now removed from the flame, cools down ; the air inside contracts 
and sucks in some quantity of the mercury into the bulb. By repeating 
this process of alternate heating and cooling several times, the bulb is 
almost filled with mercury. The bulb is then strongly heated until the 
mercury boils and gives out mercury vapour ; as the mercury vapour 
continues to escape, it drives away all the air and moisture contained 
within. On cooling, mercury completely fills the bulb and the stem. 
While the bulb is still warm, the excess of the mercury in the funnel 
is taken out. 

The bulb with the stem is now subjected to a temperature a little 
above the boiling point of water. Some of the mercury expands into 
the funnel and is removed. When the bulb slowly cools, the meroury 
contracts and as it just passes the constriction G, the tube is sealed 
at this point by means of a strong pointed flame. On cooling, the 
mercury contracts and tills up the bulb and a part of the stem. 

The closed tube is then allowed to cool down for a considerable 
period before the instrument is graduated. In selectijig a scale for the 
measurement of temperature with a mercury thermometer, it is necessary 
to mark on the stem the positions of the mercury thread corresponding 
to two definite temperatures. These are called the fixed points of 
thermometer. The lower fixed point is taken to correspond to the 
temperature at which pure ice melts under normal atmospheric pressure ; 
this is known as the ice point. The upper fixed point is taken to 
correspond to the temperature at which pure water boils under standard 
atmospheric pressure of 76 cm. of mercury. This is termed the steam 

point . 


Determination of Fixed Points.— 

(a) The Lower fixed Point or the ice point.—In order to deter¬ 
mine the ice point, the bulb of the thermometer, 
constructed as above, is placed within small lumps 
of pure molting ice kept in a funnel (Fig. 3). The 
level of the mercury column gradually sinks and 
finally becomes stationary at a particular position. 
After sometime the fixed position is marked by a 
fine scratch made on the stem with a file. This giveB 
the lower fixed point. It is also termed the freezing 
point. If the bulb of a centigrade thermometer is 
placed in melting ice in the above way and the 
mercury level stands at the zero mark, then its 
frezing point has been correctly marked. 

(b) The Upper Fixed Point or the steam point.— 
To determine the upper fixed point, the thermo¬ 
meter is placed into steam of boiling water in a 
specially constructed vessel, called a hypsometer. This consists of a 
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copper vessel A (Pig. 4) with a vertical tube B whioh is surrounded 
by the jacket C. The jacket has two openings, 
one at the top and the other D at the side. 

A is partly filled with water and the upper 
opening is closed by cork. The thermometer, 

T is inserted through the cork into B so as 
to remain well above the water in A. As the 
water boils, the steam rises through A, passes 
into the jacket C and finally escapes through 
D. The steam in the jacket C protects that 
in B from being cooled by external air. An air 
manometer M attached to the side of the 
vertical tube, opposite to D indicates the 

pressure of the steam. The bulb and the stem 
being thus surrounded by steam, the level of 
mercury gradually rises and after some time 
attains a stationary position. The position of 
the tube should be so adjusted that this sta¬ 
tionary position of the mercury levol i3 just 
visible above the cork. After waiting for a 
few minutes when mercury has reached a , , • 

steady temperature throughout, position of he V . • . 

marked by a scratch. This mark iudicates temperature at wh,oh 
water boils under the atmospheric pressure at the time of the expe 
ment, which is noted from the barometer. 

As the observed at¬ 
mospheric pressure is 
generally different from 
the standard pressure of 
76 cm. and as pure water 
is found to boil at differ¬ 
ent temperatures under 
different pressures, the 
scratch mark so made 
does not tally with the 
defined 6toam point. The 
standard steam point 
according to a centigrade 
thermometer should be 
100. The graph shows 
the variation of the ob¬ 
served steam point with 
a change of pressure (big. 
5). It is found that noar 
the normal atmosphoric 
pressure, an alteration of 
Fig. 6 pressure by about 28 mm. 

changes the boiling point of water by 1°0. The correction ie to be added 
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or subtracted according as the observed pressure is below or above the 
normal atmospheric pressure. 

Suppose that the scratch mark of the observed steam point is made when 
the barometric pressure is found to be 7.4 cm. The corresponding steam tempera¬ 
ture from the graph is found to be 09-05. The length on the stem from the lower 
to the upper scratch marks is accurately read with a vernier microscope. Let it 
he l cm. If L cm. be the true length between the lower scratch mnrk and - the 
standard steam point, then, 


L 

l 


J00 

90-65 


whence 


L = 1 


100 

9965 


cm. 


Thus measuring a distance L cm. from the lower scratch mark, we put there 
the standard mark 100 for the upper fixed point. 


After the two fixed points have been marked on the stem, the space 
between them is divided into a number of equal parts, according to a 
standard scale of temperature. Each of these divisions is called a 
degree. The graduations are continued some way both above and 
below the upper and the lower fixed points. To mark the gradua¬ 
tions on the stem, the latter is coated with a thin layer of wax and 
equidistant lines are drawn with a tine pointer on the layer. By ex¬ 
posing the thermometer to the vapour of hydrofluoric acid, the marks 
are etched permanently on the stem. 

6. Scales of Temperature.—There are three scales of tem¬ 
perature—(1) Centigrade (2) Fahrenheit and (3) Reaumur. 

The Centigrade scale was desigued be Elvius of Sweden in 1710 and 
later on by Christin in 1743. Some people associate also the name of 
Anders Celsius. Its zero is at the melting point of ice and the boiling 
point of water under normal atmospheric pressure is taken as 100°. 
The scale is used in scientific measurements by all natious. 

The Fahrenheit scale was devised by Fahrenheit in 1717. Its zero 
was specified as the temperature of a given mixture of snow and com¬ 
mon salt ; the melting point of ice was taken as 32° of this scale and 
the boiling point of water under normal atmospheric pressure as 212°. 
This scale is generally used in Great Britain and the United States 
and also by doctors. 

Tho Reauynur scale was designed by Reaumur near about 1730. 
Its zero is at the melting point of ice and the boiling point of water 
under normal atmospheric pressure corresponds to 80’ on the scale. 
This scale is used for domestic purposes in Russia and in some parts of 
the European continent. 

Comparison of Three Scales of Temperature.—The space bet¬ 
ween the two fixed points contains 100 divisions of the Centigrade, 180 
of the Fahrenheit and 80 of the Reaumur Scale. This space is some¬ 
times called the fundamental interval of a thermometer scale. 
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The positions of the two fixed points on the three scales are shown 


1 

i Scale 

i 

Ice-point 

I 

Steam point 

Centigrade (0) 
Fahrenheit (F) 
Reaumur (R) 

1 

0° 

32° 

i o° 

100° 

212° 

80° 

1 


No. of equal divisions 


100 

180 

80 


• • 


100 Centigrade = 180 Fahrenheit = 80 Reaumur 
divisions divisions divisions 

or 1°C - § of 1°F - $ of l’R 

Let ue take a thermometer whose lower and upper fixed pomts are 
A and 13 respectively (Fig. 6) and let the three 
scales he placed by its side. Let us put the thermo¬ 
meter in a suitable bath and let P be the position 
of the top of the mercury column in Ad. Lot tne 
reading on the three scales corresponding to tne 
position P be denoted respectively by C h and K. 

Then the distance AP represents C. F—32 and R 
degrees and AB represents 100, (212—32 and 8 
degrees on the three scales. As AL is the same 
fraction of AB, whatever be the scale usoi. 

AP C — F - 32 — JR. 

AB - 100 “ 180 80 

C F-32 a R 
5 = 9 


...( 6 . 1 ) A m. 


Examples 

1. The normal temperature of a healthy person is 
found to be 08-4°F. What would lie corresponding read¬ 
ings on the Centigrade and the Reaumur scales ? 

. „ 0 08-4 - 34_R 

A. Here 



Fig. 6 

whence C = 30- 9° and R =40-5 


5 


0 4 

4 . What is the temperature which when rend on a Centigrade and a Reaumur 
thermometer differs by 2° ? 

Ix-l the reading on Centigrade Scale Ik- x ; Then on Reaumur Scale = x + 4 
or x — 2 

OR . x 2 + 2 x x- 2 

Since we havc g--— ° r 6 4 

where x= - 10°C. or 10 °C. and R = - 8 or 8 ’ rcs,R-ctivcly. 

3 If when the temperuture is 0°C. a mercury thermometer reads <>-5°C. while 
„t 100°C. it reads 100- 8 °C. Find the true temperature when the thermometer reads 
40 °C assuming that the Iwre is cylindrical and the divisions are of uniform length. 
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A. Since at the true zero-point thermometer reads 0-5°C and at ™0°C it 
rends 100-8°C there are (100-8-0-5) or J00-S divisions between the two fixed 
^oiiiL. 1 ^Each division of the thermometer ^responds to 100/1003 of a correct 
centigrade thermometer. The reading 50° of this thermometer is really (20 - 0 5) 
or 10-5 divisions above the freezing point. 

19-5 X 100 

The corresponding true temperature — 100-3 

4. A faulty thermometer read 5°C in melting ice and 99°C in dry steam at 
normal pressure. Find the correct temperature in Fahrenheit when 


= 19■44 ° C 


reads C. 


\ j)n —5 = 94° or the thermometer corresponds to 100° of a standard ther¬ 
mometer 

1° „f this thermometer = ^ of the standard centigrade thermometer. 
When the thermometer raids 52°C. it is in fact 52 — 5 = 47 scale divisions 
aliovc the ice point. 


. ... 47 X 100 

1 Ins would be-- 


= 50°C of a standard centigrade thermometer. 


. . C F-S2 

Ae ""‘ H ” 9 


5 _P_ ^ F ~ 32 w j, cncc p = 122° Fahrenheit. 

* 5 9 

7. Advantages of Mercury as a thermometric Substance.-— 
(1) Mercury boils at 357°C. and freezes at - 39 C ; bo it remains in the 
liquid state over a lo?ig range of temperatures. Ordinarily a mercury 
thermometer may be conveniently used o for an approximate range of 
temperatures from - 30°C to about 300 C. 

\ mercurv thermometer may also In* used Tor measuring high temperature by 
lllliug the space above the mercury with nitrogen or carbon dioxide »ta high 
, ,c-.me ^ as to prevent the boiling or mercury. A temperature upta (KM) C can 
llm, be measured by using glass with high melting point and the range can even be 
increased to 750 C C by taking the tidies of silica. 


(2) It is a good conductor, that is. it quickly transmits heat through¬ 
out its body aud so all morcury in she thermometer, bulb readily attains 
the temperature of the substance in which it is placed. 

(3) Its expansibility is fairly large with a rise of temperature. 

(4) Its expansion is fairly uniform so that its volame increases 
equally for equal rise of temperature at all parts of the scale. 

( 5 ) It h is a Ion thermal capacity which means that, to increase its 
temperature through a range, a small quantity of heat is required. 

(G) As the vapour pressure of mercury is very low at ordinary tem¬ 
per iture. the space above mercury contains very little meroury vapour. 

(7) It can be readily obtained pure. It is a shining opaque liquid 
and so its column within a glass tube can be easily recognised. It does 
not wet glass and does not, therefore, stick to the sides of the glass tube. 

8. Alcohol Thermometer.—Alcohol is sometimes used as a 
tliorraometric substance. The liquid is coloured with some dye as other¬ 
wise the position of the top of the liquid column cannot be readily 
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observed. Its advantages and disadvantages as a thermometric subs 
tance in comparison to mercury are given below. 


Advantages :— 

(i) Alcohol freezes as - 130°C. while mercury freezes at 39 U so 
for measurement of lore temperatures, an alcohol thermometer is P 
ferable. Consequently, alcohol may be used in thermometers down 
about - 128°C. (Liquid pentane may be used down to - 2UI) 

(ii ) For a given rise of temperature, alcohol expands much more 
than mercury ; so an alcohol thermometer is more sensitive i • 
mercury thermometer to temperature variations. 

(Hi) For a given volume, alcohol requires much loss quantity of 
heat than mercury to he raised through the same range of ^operature 
although the thermal capacity of alcohol ib g 

mercury. , . . 

(it,) Alcohol is a light liquid and wets glass ; so when emperature 

rises, the thread of alcohol can move smoothly in a tube o y 
bore, while mercury tends to move in a jerky manner. 

Disadvantages : — ori , 

(i) Alcohol boils at 7tt°C while mercury boils at 357 0, and so 
an alcohol thermometer cannot ^be used for accurately measuring 
temperatures higher thaD about 60 C. 

(ii) Its conductivity is less than that of mercury. 

(m) The rate of expansion of alcohol is not uniform hut it increase, 
with rise of temperature. An alcohol thermometer is therefo.o 
graduated by comparison with a mercury thermometer, both being 
placed in the same bath. 

(it,) It is highly volatile and so its vapour readily collects into 
the space above the liquid and exerts an appreciable pressure. 

(t,) An alcohol wets glass, a film of the liquid sticks to the walls 
of the tube when the temperature falls. 

9. Maximum and Minimum Thermometer.— These thermometers 
are so constructed as to be able to record automatically the highest 



Fig. 7—Maximum & Minimum Thermometers 
or the lowest temperature attained during a given period of time, 
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say, one day. They are used for meteorological and agricultural 
purposes. 

Rutherford’s Maximum Thermometer.— This is a mercury 
thermometer with the bulb B and a smaU steel index P. shaped like a 
double-headed pin resting within the stem (Fig. 7). The thermomete , 
is mounted horizontally in a wooden or metallic frame, so that the 
index can remain stationary at any position. 

In setting the thermometer the steel index is moved from outside by 
a strong magnet till one end is brought just in contact with the surface 
of the mercury. As the temperature rises, the mercury expands and 
pushes the index forward. When the temperature falls, ^e mercury 
contracts, but the index is left at the position to. which it: had been 
pushed. The higher is the rise of temperature, the farther is the 
distance the index is pushed through. The end of the index towards 
the mercury surface records the maximum temperature attained during 

the period under observation. 


In some form of a Maximum Thermometer, the stem is placed in a 
horizontal position and the bulb is kept at a slightly lower level. There 
is a constriction at the junction of the bulb and the stem. When tempe¬ 
rature rises mercury is forced into the stem ; but when temperature 
lulls mercury column within the stem is separated from the mercury 
within the bulb, automatically recordmg the maximum temperature. 
This sort of thermometer does not require the use of a separate index. 

Rutherford’s Minimum Thermometer.—In this thermometer 
alcohol is used in place of mercury. There is a small index P made of 
enamel or coloured glass and shaped like a double-headed pm, resting 
within the liquid in the stem (Fig. 7). The thermometer » fixed 
horizontally in a suitable frame. The instrument is set by tilting 
and the index is moved till one of its ends is just in contact with the 
liquid surface, the other end being within the liquid. As the tempe¬ 
rature falls, the liquid contracts and the concave surface of alcohol 
drags the index along with it due to surface tension. But when the 
temperature rises, the alcohol expands, leaving the index at the posi¬ 
tions attained. The end of the index towards the meniscus records 
the minimum temperature reached during the period under observation. 

Six’s Thermometer.—In this case the maximum and the minimum 
thermometers are combined into a single instrument. It essentially con- 
sists of a U-tube (Fig. 8) with bulbs at the two ends. The bulb B and 
a part of the stem are filled with alcohol ; the portion from P, to 
P„ is filled with mercury. The tube above P x and a portion of the 
bulb b are filled with alcohol ; the remaining part of it contains 
alcohol vapour only, space being thus left for expansion. 

To small steel indices P x and P a shaped like dumb-bells floit 
on the ends of the mercury column. Eaoh index is provided with a 
small aide-spring which pressing against the wall of the tube, keeps 
the index in position. The instrument is set by bringing the indices 
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just in contact with the respective mercury surface by means of 
strong magnet working from outside. There are two 
graduated scales attached beside the limbs of the 
U-tube, the one of the ‘maximum' side being graduat¬ 
ed from below upwards and that one minimum 
side> from above downwards. 

As the temperature rises, the alcohol in larger 
bulb B expands and pushes down the mercury 
column with which it is in contact. The other 
end of the mercury column rises, pushing forward 
the index P t and driving the alcohol in the other 
bulb b. When the temperature falls, the alcohol in 
the larger bulb contracts and the mercury level on 
this side rises, raising the index P 2 , and leaving it 
at the highest position reached. The lower end of 
P L records the maximum temperature during the 
period under observation, the reading being obtained 
from the corresponding scale. The position of the 
lower end of P a . from the corresponding scale, gives 
the minimum temperature. The instrument is re¬ 
adjusted after each observation. 

Clinical Thermometer ( Doctor's thermometer). 

This i6 a form of sensitive maximum thermometer, 
used for recording the temperature of human body. 

It is a mercury thermometer with a constriction at 
C in the bore close above the bulb (Fig 9) It has 
a short stem which is graduated generally 
from 95°F, to lKTF, each degree being divided 
normal temperature of a healthy person varies 
and 98'4°F. When the 


a 



Fig 8 

into fifths. The 
between 9G G F 

a neai&ny i«nsuu 
bulb is put into thermal communication 
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pig 9—Clinical Thermometer 

with the human body, the temperature of the bulb rises and the 
mercury expands. The expansive force drives the mercury past the 
constriction into the stem. When the thermometer is removed the 
temperature falls and the mercury below C contracts, but the thread 
above 0 cannot follows as it is obstructed by the constriction the 
farthest end of this portion indicates the maximum temperature of the 
body. When the thermometer is to bo usod again, it is shaken with 
the bulb downwards so that the mercury thread in the stem is made to 
pass through the constriction partly into tho bulb. 

■10. Sources of Errors in Mercury Thermometer.—The following 
are some of the more important sources of error in a mercury 
thermometer and their corrections. 
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(l) Change of Zero. —By placing the bulb of an ordinary mercury 
thermometer in melting ice, it is sometimes found that the mercury 
stands at a slightly higher position than the freezing point marked on 
the stem. This occurs when a sufficient interval was not allowed 
between the scaling and the graduation of the thermometer tube. The 
tube contracts slowly and so the volume of the mercury appear to be 
in excess, showing a rise in the freezing point. The excess reading for 
ordinary glass is about '04°0. 

(2) Temperature of Steam. —It has been mentioned in Art. 6 that in 
determining upper fixed point, a correction is to be applied if the 
atmospheric pressure at the time be not normal. But if both the fixed 
points possess certain errors, they may be eliminated by supplying 
for every such thermometer a correction table between 0° and 100 C. 

(3) Temperature of the Exposed Column. —When a thermometer is 
used, a part of the stem always remains outside and is, therefore, at a 
a different temperature from the bulb and the rest of the stem. For 
this reason the readings which are recorded, would be slightly lower ; 
hence it is better to immerse as much of the stem as possible. A 
correction for this may be applied. 

(4) Internal pressure. —A vertical column of mercury 20 cm. long 
exert a pressure on the thermometer bulb of nearly a quarter of 
atmospheric pressure. Hence when a comparatively higher temperature 
is recorded by a mercury thermometer, a pressure of this order is exer¬ 
ted on the bulb, distending the base. The reading is consequently lower. 
But if the thermometer is kept horizontal, the problem of internal 
pressure does not arise. 

(5) Non-uniformity of the Bore. —In a thermometer, change of 
temperature is measured by the change of volume of a definite 
mass of the liquid in the bulb. The changes in volume produce 
corresponding movement of the liquid head along the stem. The distance 
on the stem between the two fixed points is divided into equal 
intervals or degrees, so that each degree represents equal change of 
temperature. This is true only when the bore is uniform ; otherwise 
equal expansion of the liquid for equal rise of temperature, though 
regular, will not be indicated by equal length in different parts of the 
stem. In such a case, the thermometer may be calibrated all over the 
longth of the boro by detaching a thread of mercury and measuring the 
number of degree divisons it occupies at various parts of the tube. 

*11. Dial or Index Thermometer. — Sometimes the tempera¬ 
ture of a source, remote from the observer, requires to be determined or 
the thermometer has to be inserted in a position where it is difficult 
to rend. For this reason a dial thermometer is used in preference to 
ordinary mercury-in-glass pattern already described. The apparatus 
consists of a nickel plated copper bulb B connected to a metal tubing 
T by a gas tight joint (Fig. 10) The other end of the tubing is served 
to the body of the instrument carrying a pressure gauge with a pointer 
moving over a circular dial graduated generally in Fahrenheit degrees. 
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Fig. 10 - Dial Thermometer 


The bulb and the tube are filled with a liquid. When the bulb is in.ro- 

duced into a hot source, the liquid 
inside it expands and partly vapo¬ 
rises and the force of expansion com¬ 
municated through the gauge causes 
the pointer to move over the dial 
and rocord the temperature. 

There are various patterns and 
sizes of index thermometers for 
different purposes. Sometimes an 
index thermometer is utilise! to 
ring a bell or light a lamp or 
operate a switch automatically 
when a certain temperature is 
reached. It is very widely used 
as a (ire alarm, for measuring tem¬ 
peratures of oil engines, as a radia¬ 
tor thermometer on motor cars and , s for oveDS an d 

stove^and'traUfdill has different ranges of calibration 
' rOm i2 '. 40 princip.°c "of Temperature M-surements.-It ^asjU- 

tion of two metals or the vapou p ^ a tempe raturo. Suppose that 

XZZT;5Z of water the 

^^r^^ff^^de. - 

centigrade scale this change in f “fo0 0> C* therefore 1° on the centigrade 
*"definedchange of temperature which causes a change 

- v C x £ *." assn 

Then between the freezing pom^ define this temperature as t 0, 
such 6 that^he'change of property for 1*0 remains the same as before. 

Thus^”-^^orrc-^^, 


x 100 ...(12,1) 


- V A \J - , f 

In selecting the scale, therefore we assume 

substance changes by equal . . . y AB q drawn on a graph 

The condition is shown by the straight as the pro- 

Peper (Fig. U) with abscissa as^ temperature and 

l lOO Then from thisgraph. the relation in e,n. 

Substance varies iocfly uniformly with a rise of temperature. Suppose 
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that the expansion in volume of -a particular liquid with temperature 

is shown by the dotted curve 
ADO which is not straight. 
Now if this liquid is used in 
a thermometer, whose fixed 
points are standardised at 0° and 
100°G, the thermometer will not 
indicate exactly any other tem¬ 
perature as defined byeqn. (12,1). 
For the value Xu the liquid 
thermometer would read 0° and 
not the temperature t°. For 
this reason there is a slight 
variation in the readings of par¬ 
ticular thermometers when any 
temperature other than the two fixed points is read. Of all subs¬ 
tances, the expansibility of hydrogen with temperature i3 very nearly 
uniform. Hence a hydrogen thermometer (Chap. IV) is the standard 
thermometer accepted by the International Committee of Weights and 
Measures. The linear scale ABC, which is an ideal one, is called 
the Absolute Thermodynamic Scale. 



ANDERS CELSIUS (1701 — 1744) 

Celsius was born at Upsala, Sweden, on November 27,1701. His 
grandfather was a famous Swedish astronomer. After graduating from 
the University of Upsala, he was appointed a Professor of Astronomy. 
In order to build an Observatory at the University, he made a tour of 
inspection to various Observatories of Europe and in 1732 an upto-date 
Observatory was erected at Upsala. Meanwhile he published some 
papers regarding the phenomena of aurora borealis. 

It was while he was engaged in astronomical studies that he 
constructed the centigrade thermometer in 1741. He divided the range 
from the melting point of ice to the boiling point of water into 100 
equal parts and called each part a degree centigrade. Such a scale 
is widely Ubod for scientific purposes. He went with his newly 
constructed thermometer to Lapland to measure the temperature of 
arctic region. He died a premature death on April 25, 1744. 


Summary 

Heat and Temperature.'—lleut is u form of energy while temperature denotes 
u particular thermal condition of In.dy. Flow of heat depends upon difference of 
temperatures. 

Thermometers arc instruments for accurate measurements and comparison of 
temperatures ; the most common one is the mercur.v-in-glass thermometer. 
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The fixed points of a thermometer—called the Ice point ami the Steam point 
arc respectively the melting point of ice and the boiling point of water under normal 

atmospheric pressure. 

Scales of Temperature. — (i) Centigrade, (i») Fahrenheit and <«») Reaumur. 

e , , o F-3‘2 R 

Comparison of the scales.— 5 ** 9 4 

Maximum and Minimum Thermometers.— (i) Rutherford's (m Si. rs. 

Clinical Thermometer is used for measuring the temperature of the human 
lK»dy. A Dial Thermometer is used to measure temperature o. a source rom c 

from the observer. 


Exercises on Chapter I 

1 What do you mean by the temperature of a subsluncc ? Describe 
with a neat diagram the Six’s thermometer and discuss the principle on 
whiojfril works. State some of its uses. 

Determine the temperature x V hich is indicated by the srinie nuniber 
on Centigrade and Fahrenheit scale? tC. I ■ • ‘’ ' 

A. - 40°C , or - 40°F. 

o How would you check the freezing ami boiling points of a 
thermometer ? 

The freezing point on a thermometer is marked <0 and the boiling 

point 150. What reading would this thermometer give for a tempera- 

• f i*o/’ > (C. i .—l us*) 

lure ol v- • 

A. 78-5*. 

3 How will you construct a mercury thermometer and graduate it 
M , that your reading will agree with that of another thermometer. All 
precautions and corrections should be mentioned. 

(Pat. U.—1051; Del. II. S.— 10.»0 ; U. P. B.—1050) 

4 (,,) Whul is meant by Fundamental Interval of a thermometer. 

Describe an experiment to determine it accurately. (Pat. I . 1040) 

(I,) Describe fully the method followed to mark the scale on a 
mercury-in-gluss thermometer. (C. 1 . 

Describe the construction of u mercurial thermometer. 

(C. U.—1080, ’3*. *41; Pat. U.—19*2, ’32) 

0. Describe how the fixed points of a mercury thermometer are 
determiner!. 

A faulty thermometer reads 1° when placed in melting ice and 
00 ° in steam ut normal barometric pressure. Find the correct tempera¬ 
ture when the thermometer reads 30°. the l>ore of the thread and gra¬ 
duations being supj>osed uniform. (Doc. U.—1043) 

A. 40 C C. 


Reference 

Arts. 

3 A 9 


Ai t. 5 


Art. 5 


Art. 5 


Art. 5 


Arts. 
5 & 6 
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Reference 
Arfc. 5 


Art. 9 
Art. 8 


Art. 9 


» 

7 . Descrilre how you would construct and graduate a liquid-in-glass 
thermometer to read temperatures between 2°C and 10°C. Another 
sensitive thermometer for this range will be supplied. 

Give reasons for choosing u particular liquid as the thermometric 
substance. Also discuss whether water can be used for this range, and 
explain how you would read the temperature without any ambiguity 
with water-in-glass thermometer in the above range. (Pat. U. 1952) 

8 Describe any two forms of maximum or minimum thermometer. 

(Pat. I*.—1921 ; All. V.—1920) 

9 . Give an account of the various methods for measurement of 
temperature and classify them according to the range of lempcmture 
for which they arc suitable. Give their relative accuracy of measurement. 

(R. P. B.—1948) 

10. Describe a clinical thermometer. What makes it possible to 
read the temperature after removing the thermometer from the body 

(C. U.—1937) 


f 

*• i 

' * ■« 


t 
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CHAPTER II 

expansion of solids 

Fxnansion of Solids.-Solids in most cases expand when 
held. E T rr be shown by an. apparatus known as Crane- 
sand* 8 Ring . It consists of a metal ring (fig i2) 
champed to l stand. A ball of the same metal 
suspended by a chain can just ^rougb ^the 

When" boated 0 ?n T flaL. the ball will no longer 
pass through the ring, sho wing that it has eKpanded 
On cooling, the ball contracts and slips through 

the ring. 

A abort metal rod with flat ends and P r0V1 ^d 
with a wooden handle fits exactly into a metal gauge 
Tt ordinary temperature. When heated, the rod 
no longer fits into the gauge, as it has expanded. 

Two similar strips, one of ironareUken (Fig. 13). When 
copper, rivetted together at £0V e r ^ e ^ comp08 it e bar slowly gets 

curved, the copper remaining on the 
outside. If on the other hand, the bar 
is placed for sometime in ice, it bends 
in the opposite direction with cop¬ 
per strip on the inside. This shows 
that copper txpande or contracts more 
than iron. It can be snown in a simi¬ 
lar way that different solids expand 



Fig. 12 



( 6 ) 


HOT 


Fig- la 


differently. , ib cenera lly expands in all directions, 

When a solid ij i h ' u very small. The increase in length 
although the expansion is usuaffyje^yth^ . q area u callod superficia l 

of the body is t^ofncroase in volume' is called cubical expansion, 
expansion and the inorea. ^ Ex p a nsion.-When a solid is 

J 4 : ^'Tound that the increase in length (t) ts proportional to the 
heated, it is found /..» • vrovor tional to the increase of tern- 

Z g :Z l * «£ bodl'u subjected, and (m) depends on the nature 

C m. for a rise of temperature of 1 Vr 
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Lot the original length of the rod at 0°C. “ lo 

length of the rod when heated through £°C a lt 

coefficient of linear expansion of the solid *"* 

Then the increase in length for a rise of £°C - lo 

the increase in length for a rise of 1°C =°{lt ~ lo)/t 

Hence by definition, the mean coefficient of linear expansion 
between 0°C and <°C is given by 

X - Vv“par °G. . .(14,1) 

lot 


In other words, the coefficient of linear expansion 

_incre ase in 1 ength ___ 

original length * rise of temperature 

From eqn. (14,1), it is thus apparent that the co-efficient of linear 
expansion of a material would have the same value , whether its length 
is measured in centimetres or in feet. Therefore the coefficient of ex¬ 
pansion is independent of the unit of length. But it depends upon the 
scale of temperature in which the value is found. For example, if the 
Fahrenheit scale is used, the coefficient of lineir expansion becomes 
different from that measured in centigrade scale. As 1 F.“ o of 1 C. 
the coefficient of linear expansion of iron, 

- £ x 0 000012*= 0 0000066 per °F. 

Again from eqn. (14,l) wo have It ~ lu wm lo*-t 

Hence It ~ l 0 + a Z 0 ( 1 + *0 • • .(14,2) 

For a wide range of temperature, the coefficient of linear expansion 
is nearly constant- 

15. Expansions at different Temperatures.—A body may be 
initially not always at 0°G but at some other temperature say 
t j C C. Then its length at a different temperature Z S °C, may be obtained 
in the following way ; — 

Let l 0 , l L and Z 2 be the length at 0°C, t°C, and t a ° C, respectively 
and lot 1 2 bo higher than t x - 

Then l x *=* If 1 + ,) and l % = Z 0 (l + *£ a ) 

1 i 1 T At i 

Since * is a very small quautity, square or higher powers of * may 
be neglected. Expanding (l +*Z 1 ) -1 binomially upto two terms, we have 

(1 + My) ' - 1 ~<ty 

[~=(l + *t„) (l -**,) = l+(t a -t l )<-«'t i ty 

* 1 

neglecting terms containing higher powers of * 

• • Z 2 ™ ^ 111 ^ 1 1 a 1 1)*} . ♦ .(l5,l) 

Or, * = Per G ...(15,2) 

This expression is similar to the eqn. (l4,l) except that the original 
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length is taken not at 0°C. Thus assuming the co-efticiont o linear 
expansion of a solid to be very small, it is immaterial whether 
original length is measured at 0 C or at the room temperature 

16. Determination of the Co-efficient of Linear Expansion of 

Solid by Pullinger’s apparatus. -The apparatus consists of a steam 
jacket J (Fig. 14) held vertically in suitable frame - _ 

F. The ends of the jacket are closed by rubber 
corks. It is provided with inlet and outlet tubes 
for steam and with two other side tubes for inserting 
thermometers TT. A rod R. about a metre long 
and of the material of which the co-eihcien of linear 
expansion is to be determined passes into the jadet 
through the cork and stands vertically inside the 
jacket. The lower end of the rod rests brrnli on a 
slab of marble or glass or on a vertical pivot, hxed 
to the base board of the apparatus and is thus 
prevented from expanding in tho downvvaid direc¬ 
tion The upnor end of the rod which is free to 
expand passes just outside the jacket and projects 
through a hole in a glass plate G placed hoi izon- 
tally at the top of the frame. A spherometei S is 
placed with the three outer legs on the plate G 
while the central leg passes through the hole and 
can ho screwed down to touch tho upper end of R. 

The rod is taken out and its length is measured 

at the room temperature with a metre scale. It is 

then placed in position in tho jacket tube and alter 14 

t,ie .. fJrnnArntuitn is noted from tho thermo- 

meters^^f the two thermometers give different readings the mean ot 
motor * to be takea The spherometer is placed on the plate 

r nd the central log is screwed down just to touch tho upper end of R. 

nu‘ v.nr» of the spherometer is noted and tho central leg is screwed 

The reading of the apberon ^ ^ oxpand . steam from a boiler is now 

up to ma v jacket J Tho temperature inside gradually rises 

^nd 9 lin aUy° be co me a co n s ta nt, as would be shown by the thermometers. 
If tho steady temperatures, as recorded by the thermometers, show 
Afferent readings ; the moan of the two temperatures is to bo 
8 ‘ ^ /• i f« mi)B rature. After waiting for some time to ho sure 

Hat”the rod has attained a constant temperature throughout, tho 

, cntral leg of tho spherometer is again screwed down just to touch the 
central leg i ie oolo d. Tho difference between the 

threadings of the spherometer gives the increase in the length of tho 
rod for tho rise of temperature during the experiment. _ 

Let tho initial length of the rod 

increase in its length, as given by the spherometer 
initial and final temperatures of the rod respectively 



1 1 ° and t v °C 


Then from (15,2) 


x — 


l * U» - 11) 
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For further details of the experiment vide J. Chatterjee’s Inter¬ 
mediate Practical Physics. Sometimes a hollow metal pipe with closed 
ends and having arrangements to circulate water or steam within it and 
to insert thermometers, is used instead of a solid rod. The pipe is 
covered on its outsides with nonconducting substance such as felt 
or flannel to prevent much he*t being lost. The expansion of a 
solid rol or a hollow pipe of the same length and of the same material 
is equal. To know the instant of contact between the rod and the 
spberometer, one terminal of an electrical battery is connected to the 
rod while the other terminal is connected through a galvanometer to 
the spberometer. So long as there is an air gap between the central 
leg and the rod, the electrical circuit is not complete and the galvano¬ 
meter shows no deflection. But the moment the two are just in 
contact, there is a deflection in the galvanometer. The spberometer is 
then read. Tbe rest is similar to the experiment, as mentioned above. 


Co-cfficients of Linear Expansion of Solids 

[.Mean Co-efficients between 0°C anil 100°C.) 


Invar 

.. 0•0000009 

Nickel 

1 

.. 0-0000130 

Glass 

.. 0-0000089 

Copper 

.. 0-0000107 

Platinum 

.. 0•0000089 

Brass 

.. 0-0000189 

Steel 

.. 0-0000110 | 

1 Aluminium 

.. 0•0000*38 

Iron 

.. 0-0000110 

Zinc 

1 

.. 0-0000*98 

1 


17. Travelling Microscope Method. —This is a very accurate 
method of measuring a small change in length or comparing two lengths 
which are nearly equal to each other. Hence this is sometimes called 
the comparator method . The specimen, whoso linear expansion is to be 



measured, is taken in the form of a rod or a pipe. In fig. 15, P represents 
a hollow pipe of nearly one metro in length closed at two ends by cork 
or rubber stoppers. Each stopper is provided with two holes, through 
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which a thermometer and an inlet glass pips may be introduced. There 
is an exit pipe fitted at the central part of the pipe. The pipe with its 
equipments may be placed in a horizontal position on two blocks of 

wood. 

Two microscopes and M*. which may be glided over a horizontal 
metal scale S, carry two verniers V x and V fl or micrometer screws. 
Slight lateral movement of any microscope may be accurately measured 
with such attachments. Two marks A and B are made at the ends of 

the pipe. 

Thermometers and pipe fittings are made as shown and the inlet 
pipes are connected through rubber tubings to a boiler containing water 
at the room temperature. The length between the two marks A and 13 
is measured with the scale S or any other metre scale to the nearest 
millimetre. Let the length so read at the room temperature G O be 
l cm. The microscopes are then focussed on the marks and their 
positions are read accurately with the vernier attachments. Let the 
initial readings of the microscopes be C L and cm. respectively. 

Then the boiler is heated and steam being formed circulates through 
the pipe and passes out through the exit. Thermometers record a rise 
in temperature. When they record a steady high temperature < a C 
say, the microscopes are slided properly and the marks uro again 
focussed. Let the new readings of the microscopes be 0. and C. 

respectively. Then the elongation on one side is (C» 

on the other side (0. - C.) cm. Thus the total elongation is the sum 

of the two and call it x cm. 


x 


Then, coefficient of Linear Expansion 

18. Co-efficient of Superficial Expansion. —It is defined to be 
the increase in area per unit area of a surface for a rise of temperature 

of 1°0. 

Let original area of the surface at 0 O 

area of the surface at 1°C “ 

coeff. of superficial expansion of the solid — ft 

S/ _ s 

Then by definition, 


ft- 


or 


S„t 

St -S e (l + ftt) 


... (18,1) 
... (18,2) 


/. St -S 0 -ft.ftt 

Relation between * ami ft.— Consider a square lamina A13CD of 
a homogeneous solid of side l cm. at 0°C. (Fig. 16) ; then its area at 
0°C is given by S e ■= l 0 * sq. cm. At t C, lot the square takes a larger 
shape as given by AE1?G. Then tbo increase of area is given by the 
shaded part 13CDGFE. 

At t°C., the length of each side becomes It - l 0 (l +*<) 
the area at t J C. is given by S/ - U 0 (l + V 

Again considering the area as a whole S< — S 0 (l + ftt) 

H—21 
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Hence S c (l + ft)" UoU + «*)P “ l„2(l + 2*0 
neglecting x 8 * 8 , as x is small. 

1 + # •= 1 + 2*t or 0 = 2x (18,3) 


Thus the coefficient of superficial expansion 

“ 5 * coefficient of linear expansion. 


Fig. 16 


It is evident from eqn. (38,3) that if the co¬ 
efficient of linear expansion of a solid be known, 
its coefficient of superficial expansion may be 
readily found. For example, the coefficient of 
linear expansion x for a brass is l'SQxlO -5 and 
if the rise of temperature of a certain unit brass 
surface be 100°G, then its area (l + <t)* becomes 
equal to 1'0037835. The quantity 1 + 2 is 
equal to 1 00378. These two values are equal 
to the required degree of accuracy upto the fifth 
place of decimals. Thus 2x — /3. 



19. Co-efficient of Cubical Expansion of Solid.— It is defined 
to be the increase of volume per unit volume of a body for a rise of 
temperature of 1°C. 

Let the original volume of the body at 0°C be V« ; volume of the 
body at t° C be V< and coefficient of cubical expansion of the solid be Y 


Hence by definition, 


Y 


Yi - y, 

V~t 


(19.1) 


Vi - Vo + VoYt or V, -V.(Z + y«) 


( 19 . 2 ) 


Relation between x and —Let us consider a cube of the subs¬ 
tance, the length of each side being l a cm. at 0°C. ; if V G be its volume 

at 0°C. V 0 = J 0 8 . 

At 1 °C , the length of each side becomes It “ l a (l + xf) 
the volume at t°G is given by V< — [2 0 (1 + *f)} a 
Again taking the volume as a whole, V* “ V 0 ( 1 + Yt) 

Hence V.( 1 + Yt) = UoU + *0} 8 - 1. 8 (l + 3 *t) 

neglecting terms containing higher powers of x, 

l+yt-1 + 8** or y-= 3x * ...(19,3) 

i.e., coeffi. of cubical expansion — 3 * coeffi. of linear expansion. 

It is evident from eqn. (19,3) that the coefficient of cubical expansion' 
of a solid can be indirectly determined, if the coefficient of linear j 
expansion is known. It is to bo remembered that for a particular rise 
of temperature a hollow body and a solid one of the same material and 
of same external volume increase by the same amount. 

If the initial temperature of the solid be i^C. instead of 0°C. and 
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if Vi be the corresponding volume, it can be established exactly as 
in eqn. (15.1) that the volume V* at is given by, 

v.-VxU + yfc.-*.)* ••• (l9 ’ 4) 

. ...(19.5) 

whence y - ViUj _ tl ) 

Examples :— . 

1 The length of a copper rod at 50°C, is 200-1GG cm. and at 200 C.. it is 
200 604 cm. Find the length at 0°C. and the co-efficient of linear expansion of 

COP T Let L cm. be the length of the rod at 0'C. .nd let * be the co-efficient of 
linear expansion of copper. 

Then 200- 1GG = L (1 + 50 X ) and 200-604 = Z. U + 200 * ) 

200*664 _ 1 + 200* whence * = 0-00001G6 

** 200* 1G6 *" l-j-50* 

Substituting the value of *. L ( 1 + 50 X 0-0000100) =500-100 
whence L = 200 cm. 

2 Railway lines are laid with gaps to allow for expansion If the gap 
8'eel lines 00 ft. long is 0-5 in. at 10*C. at what ten.perah.re wdth< 

Co-efficient of linear expansion of steel is 11 X10 . tC. . . 

A. Each line can expand -25 inch at each end making a total elongatmn of-5 
inch in order that consecutive lines may just touch each o ier. 

Now, elongation = *5 in. = *0410 ft. 

Let the temperature be t°C. 

Then *0410 = OGXllXlO'X (£ — 10) whence t = G7-3 a C. 

« An iron ring which is 1 ft. in diameter is to be shrunk on a pulley which is 
1 *005 ft. in diameter. If the temperature of the ring is 10*C. find the temperature to 
which it must be raised so that it will slip on the circumference of the pulley. 

Co-efficient of linear expansion of iron — 0-000012. p y 

A. The iron ring of diameter 1 ft. has a circumferencial length of x X J R* In 

order that it can just fit on a pulley whose c.rcumferenc.n^^length «_« X l (J * 

the circumferencial elongation of the ring would be * O 00o - 1) _ « X Wo It. 
Now this elongation must be brought about by a change of temperature. Let the 

required temperature be t°C. 

.*. nX *005 = *X 1 X *000012 X (« - 10) 


whence 


5000 

4 = “ir 


+ 10 = 426*«°C. 


4 A zinc rod is measured by means of a brass scale, which is correct at 0°C 
l round to be 1*0001 metre long at 10°C. What is the real length or the rod at 
»*C- Me»„ eo-effieieut of linear expansion of aincI. 0000M and oftajs »-000010 

per deg. C. b „_ . . , 

A As the brass scale is correct at 0°C, 1 metre of the scale at 0 C would be 
1 4 . .000010 X 10 = 1*00010 metres at 10°C. But 1*00019 metres are nppnren !y 
reil by the scale at 10°C as 1 metre. Hence the apparent reading of 1*0001 metre 
IflO'C would correspond to 1 0001 X 1*00019 = 1-00029 metres in the correct 
scale at 0°C. Thus the length of the zinc rod at 10°C is 1-00029 metres. 



394 


INTERMEDIATE PHYSIOS 


CHAP. II 


If lo be the length of the rod at 0°C, then according to the condition, 

1-00029 = Jo (1 + -000029 X 10) = U X 1-00029 

whence l a = l metre. 

5. An iron scale is correct at 0°C and the length of a zinc rod as measured by 
the scale is 100 cm. when both the scale and the rod are at 0°C. What will be the 
length of the rod as measured by the iron scale when both of them are at 100°C, the 
co-efTicient of linear expansion of iron and of zinc being -000012 and -000020 respec¬ 
tively per degree centigrade. _ (Pat. U.—1952) 

A. At 0°C the length of the zinc rod — 100 cm. 

At 100°C the true length of the zinc rod = 100 (1 -f- -000026 X 100) cm. 

When the zinc rod is measured with an iron scale at 100°C, then each centimetre of 
the scale at 0°C becomes (1 -f- -000012 X 10) cm. at 100°C. Thus each true centi¬ 
meter length at 100°C would apparent read cm. = -9988 cm. 

.*. True length of the zinc rod at 100°C which is 100-26 cm. would be 
apparently read by the iron scale at 100°C to be 100-26 X ‘99S8 = 100-14 cm. 

(5. A lump of iron has a value of 10 cu. ft at 100°C. Find its volume at 25°C. 
(X for iron = 0-000012). 

A. W'c have y for iron = 3 x =0-000036. 

Let the required volume nt 25°C. be Vi cu. ft. 

From the relation V 2 = V, Jl + x (f a — 

10-Vj 1 + 0000036 (100- 26) f 

whence V!— 9 97 cu. ft. 

20. Practical Cases of Expansion of Solids.—The expansion 
or contraction of solids duo to temperature variation is practically 
utilised in very oases. In lying down rails on a railway track, small 
spaces are loft between consecutive rail9 in order to allow room for 
expansion when they get heated, The slots in the fishplates serve the 
same purpose. Telegraphic wires are given enough sag to allow for 
the contraction in winter. The metallic water pipeB and gas mains 
have telescopic joints to allow for change in length due to variations in 
temperature. 

In the construction of an iron bridge, each part is allowed freedom 
of expansion. The ends of the girders, for example, are not rigidly 
fixed on the supports hut are placed upon rollers, so that they can 
expand or contract without causing any strain on the supports. The 
ends of the iron bars in a furnace are kept free ; otherwise they would 
bend duo to expansion on heating. When iron pipes are used for 
conveying hot water or steam, they are fitted with some device 
allowing for expansion and contraction. 

On account of unequal contraction of different parts, metal castings 
may sometimes crack on cooling. Thus in casting a wheel with thin 
rim and massive arms, the rim cools aud solidifies much more rapidly 
than the arms and then opposes the contraction of the latter. A great 
stress is thus sot up which may break the rim or some of the arms. 
This is avoided by making the arms bent. 
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If very hot water is poured into a thick bottomed drinking vessel or 
glass, it would often crack. As glass is a bad conductor of heat, the 
inner and the outer layers of the thick portion are not readily raised tc 
the same temperature and so expand unequally, causing the e lass to 
crack. Similar effect may be observed when iced water is put into 
a glass tumbler. A vessel of fused quartz would stand quick variation 
in temperature, a 9 its expansion is extremely small. 

Sometimes metallic wires are sealed into glass vessels for making 
air-tight joints e g., in electric lamps. If a copper wire is fused o 
glass, the glass will crack during cooling as copper contracts more than 
glass. But a platinum wire can be safely sealed into glass as the 
coefficient of linear expansion of the latter is practically the .same.as 
that of the former. Now-a-days for the sake of economy, a nickel-iron 
alloy called platinite is used for the construction of electric lamps. 

When metal rods or chains are used as measuring instruments 
temperature should always ho noted and a correction applied for any 
variation. The Standard Yard is taken to he the distance, at 6-. I •. 
between two fine marks on gold or platinum plugs inserted into a 
bronze bar kept at the Standard Office. The standard metre is correct 

at 0°C. 

The iron tyres of cart wheels are made of slightly smaller diameter 
than the wheels. The tyre is very strongly 

put round the wheel. As the tyre cools, it contracts and fits tig y 

upon the wheel. Boiler plates are rivetted with red-hot mots, on 
cooling, the rivets contract and grip the plates so tightly as to make 
the joints steam-proof. Big guns are often made by sliding 
cylinders one above the other upon an inner tube. Bach c,1mder 
red-hot condition is put round the inner one and on cooling hts tifehtly 
upon the 'latter. By these moans, the enormous pressure developed 
duo to the combustion of the powder is uniformly distributed through¬ 
out the body of the gun. Sometimes a stopper sticks tight into the 
mouth of a glass bottle. If the bottle is slightly warmed at the nock, 
the neck gets heated earlior and expands making the stoppor looso. 

Thermostat is an instrument in which the differential expansion 
of a compound bar of two dissimilar metals is utilised. It is used it 
fire alarms and in automatically controlling temperature in incubators. 
In constructing chronometers, watches and clocks, arrangomeu a are 
be made to avoid the effects of change of temperature on the time¬ 
keeping parts. For this purposes clocks are provided with compensated 
pendulums and watches and chronometers, with compensated balance 

wheels. 

21. Compensated Pendulum.— The time for one complete oscilla¬ 
tion of a simple pendulum is given by the relation, 

T-2n V - 
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where l is the distance from the point of suspsnsion to the centre of 
gravity of the bob and g is the acceleration due to the gravity. 


The pendulum in a clock should be so designed that the time period 
may remain constant. A change of temperature affects the length l 
and consequently the time period T. When the temperature rises, l 
increases, therefore T also increases and so the clock goes slow. When 
the temperature falls, l decreases, consequently T also decreases, and so 
the clock goes fast. Hence with an ordinary pendulum a dock has a 
tendency to lose in hot seasons and gain in cold seasons. In .order that 
the clock may keep a current time at all seasons, the pendulum of a 
clock must be provided with special devices, so that the effective length 
of the pendulum remains unaltered in spite of the variations in tem¬ 
perature. Such a pendulum is termed a Compensated, Pendulum, 


In an ordinary clock pendulum, there is a heavy metal disc, which 
can be slide! up and down a rod. There is a small nut screwed at the 

end of the rod just under the disc. As tem¬ 
perature rises, the rod increases in length, 
the disc or the bob moves down and so that 
effective length increases. To effect compen¬ 
sation in this case, the nut is sorewed up a 
bit so as to raise the centre of gravity of the 
pendulum as a wholo to its former position 
and to make the effective length attain the 
former value. When the rod contracts due to 
fall in temperature, the nut is screwed down 
to effect the adjustment. Compensation by 
this method is not automatic but is to be 
done by trial. 

In one form of clocks, the automatic 
compensation is accomplished by the following 
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arrangement : — 


Harrison’s Gridiron Pendulum.—The principal of thi9 pendulum 
may be understood from the following explanation. Let AB and CD 
(Fig. 18) are two rods of different materials and of unequal lengths join¬ 
ed by a cross bar BC. The end A being fixed, the rod AB is allowed 
to expand downwards while the rod CD being rivetted at C can expand 
upwards. If the lengths and the material of the rods be so chosen that 
for an equal rise of temperature each increases by the same amount, 
than the downward expansion of AB is equal to the upward expansion 
of CD. Hence the lowering of the end B is the same as the rise of the 
end 1), so that the distance between A and D remains constant what¬ 
ever he the change of temperatures. 


Jf x and bo the coefficients of linear expansion, l and l' the lengths 
of AB and CD respectively, then for a rise or full of temperature t° C. 

I 


/ ' 


' / 
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that is, the lengths of the rods must he inversely proportional to the 
respective co-efficients of linear expansion. Evidently the shorter rod 
CD should be of more expansible material than AB. 

In an actual gridiron pendulum, the bob is carried by a frame work 
made of 9 parallel rods (Fig. 17). alternately of brass and steel ; there 
are 4 brass rod6 (shown in thick lines) and 5 steel rods (shown in thin 
lines) including the central one which carries the bob B. The ends of the 
rods are attached to cross-pieces in such a way that the steel rods are 
fixed at the upper ends and can expand downwards, tending to lower the 
position of B, while the brass rods being fixed at the lower ends can 
expand upwards and tend to raise the position of B. For the sake o 
compensation, the total downward expansion of the steel rods must be 
equal to the total upward expansion of the brass rods. Again all the 
bars excepting the central one occur in pairs ; as each pair of 
similar rods, of the same metal and attached to the same cross-piece, 
expand in the same direction by the same amount, the expansion of 
one rod of each pair is to be considered in the determination of the 

displacement of the bob. . . 

Let l be the total length of the three steel rods (a. b, c ) is one halt 
of the frame and let l' be the total length of the brass rods [d, a) in the 
same half. If < and be the co-efficients of linear expansion of steel 

and brass, then l* —l'*. 

_Z _ <' _ 19 * 101® „ 19 
V “ < “ 12 x 10~® " 12 

so that for the sake of compensation, the effective lengths of the steel 
and brass rods are approximately in the ratio 3:2. 

Now-a-days the process of compensation is effected more easily by 
having the pendulum rods made of an alloy of stool and nickel prepared 
by M. Guillaume and named invar (invariable steel). As its coefficient 
of linear expansion is only 0-0000009. the change in length for ordinary 
changes of temperature is practically inappreciable. Standards of 
length are also made of invar. Substances like fused quartz and silica 
have also very negligible expansion due to temperature changes. Conse¬ 
quently vessels made of these substances have little chances of crack 

duo to sudden temperature variations. 

Compensated Balance Wheel of a Chronometer or a Watch.— 
The motion of the hands of a watch or a chronometer is mainly con¬ 
trolled by the vibrating balance wheel, the period of 
oscillation of the wheel depending upon its diameter. 

An ordinary wheel would increase in diameter when 
temperature rises, and as a result its period of oscil¬ 
lation becomes larger. Hence the watch in hot 
seasons would go slower. 

The compensation is secured in the following 
way. The rim of the wheel is divided into throe 
sections, each of which i3 supported at one end by a 
epoko of wheel and carries a compensating mass screwed at the other 
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end (Fig. 19). The segments are made of strips of two dissimilar 
metals, the more expansible one remaining outside. 

As temperature rises, the 6pokes increase in length and carry the 
ends of the respective segments of the rim outwards ; but owing to 
the greater expansion of the outer metal of each strip, the other end of 
the segment moves inwards thus bringing the compensating masses 
nearer the centre. If the wheel is so constructed that outward dis¬ 
placement of the masses due to expansion of the spokes is equal to 
the inward displacement due to the curliDg of the segments, the average 
diameter of the wheel does not change and consequently the period 
of oscillation of the balance wheel is unaffected by changes of tempera¬ 
ture and the watch keeps right time. 

Examples :— 

1. A gridiron pendulum is made of 4 brass rods, of length each 50 cm. and 
5 iron rods. Find the length of each iron rod. (for iron «c = 0-0000117 and for 
brass «. = 0-0000187). 

A. On each side of the central iron rod carrying the bob, there are one pair of 
iron and one pair of brass rods ; but as the expansion of the rods of the same material 
on either side is the same, 3 iron rods and 2 brass rods are to be taken as doing 
compensation. 

Lot l be the length of each iron rod and l the rise of temperature. 

Here expansion of 3 iron rods = expansion of 2 brass rods. 

3 X / X 0-0000117 X t = 9X50 X 0-0000187 X t 

whence l = 53-3cm. 

2. A clock which keeps correct time at 25°C. has a pendulum made of brass. 
IIow many seconds will it gain per day when the temperature falls to the freezing 
point ? (Co-efficient of linear expansion of brass is 0-0000187). 

A. L< t h be the length of the pendulum at 0°C. and l at 25°C. let t„ and t be 

the corresponding time periods. 


Th.-n 



\ 


l a (1 + 25 x 0 00H01S7) 


= 1 -f ] X 0-0001075 = 1-0002337 


d +00004676.* 


But as the pendulum keep.s correct time at 25°C. t = 1 see. and so at this tem¬ 
perature the pendulum makes (00 X 00 X-4) or 80400 complete oscillations in n 
dnv of SO 100 seconds. 


At 0°C. the time period is given by t 0 = 


• Number of oscillations made per day 

1 


= 80400 — 


1 -00023S7 


1-0002337 


80420 2 


sec. 


.'. The clock gains by (SG120-2 — SG400) =20-2 .seconds. 

3. An iron clock pendulum makes 80405 oscillations in one day ; at the end of 
the next day the deck has lost 10 seconds. Find the change in temperature. (The 
co-efficic-nt of linear expansion of iron is 0-0000117). 

(U. P. B —1937 ; Pat. U.— 1924) 

A. Let the change in temperature be °C. 
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In a pendulum t => 2t Jllg 

Let l be the length and t the time period of a pendulum on the first day and 
/' the length t' the time period on the next day. 

A correct pendulum makes 24 X GO X GO or SG400 oscillations a day. As the 
pendulum makes 8G405 oscillations on the 1st day, so t — (SG400 -r- SOlOo) see. 

As the pendulum loses 10 seconds on the next day it make SGS95 oscillutions on 
the day ; t' = (8G400 -h 8G935) sec. 


*• 6405 


8639a 
whence 0 = 19-8°C. 


^+ > /i + <" = (14- 0 00001 i 


GABRIEL DANIEL FAHRENHEIT (1686—1736) 

Fahrenheit was born at Danzig, Germany, on May 14. 1GS6. IIis 
parents wanted him to become a business man. but from his boyhood 
ho showed a tendency towards sciences. He studied in Germany, 
England and Holland. The liquid used in the thermometers in those 
days was alcohol. Ho is the pioneer of substituting mercury as i 

thermometric substance. 

He standardised the scale of his thermometer by observing the 
lowest point of thermometer as attained during the winter of 1709 
at Danzig. This he called the zero of his scale. 

The head of the mercury column at the boiling point of water was 
marked 212. In this way he obtained the idea of degree Lahrenhe • 
Although a slight correction had to bo made for the International 
standard of the Fahrenheit scale, his original scale has been. very netir y 
retained. He also devised an improved form of hydrometer. He was 
elected a Fellow of the Royal Society. He died in Holland 
September 16,1736. 


Summary 


Expansion of Solids may be (i) linear, (ii) 

Co-efficient of Linear Expansion of solid is 
length of a rod of the material for a rise of tempera 
of the rod at 0°C and It, that at t°C. 


superficial and (Hi) cubical. 

the increase in length per unit 
ture of 1°C. If L be the length 


« = lj Tr -or l, + 

Determination of «c can be made by PuUingcr’s apparatus and by Comjxirator 
method. 

Co-efficient of Superficial Expansion fi is given by 


p-S'-TJ** or 8/ -S 0 (l + fW I also fi “ 2< 
r> 0 t 

Co-efficient of Cubical Expansion y i» given by 




or V, 


— v 0 ( 1 + yt) ; also 7 — 8* 


7 
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Effects of Expansions of solids are to be taken into account in many practical 
cases of which the effect on the time-keeping parts of clocks and watches is a very 
important one. This is avoided by compensated pendulums and compensated balance 
wheels. 


Reference 

Arts. 
14 & 19 

Arts. 
14 & 19 


Art. 16 


Exercises on Chapter IE 


1. Define co-efficients of linear and cubical expansions. Do they 
differ when the lengths are measured in centimeters or feet ? 

(Dac. U.—1943; C. U.—1934, '37) 

2. Define the co-efficients of linear and cubical expansions of a 
solid. Show that the latter is three times the former. (E. P. TJ.—1951 ; 

P. U.—1952; Cf. Pat. U.—1952 ; Gau. U.—1951) 

3. Describe an experiment to determine the co-efficient of expansion 
of a metal iu the form of a rod. 

The length of a tabular railway bridge is 401 metres. Find the 
total linear expansion of the tube between — 5°C. and -f- 85°C. The 
tube is made of steel, the co-efficient of linear expansion of which is 
12 X 10~°. (Dac. U.—1941) 


A. 22*13 cm. 


Art. 14 


Art. 14 


Art. 14 


Art. 14 


Art. 14 


4. The distance between Allahabad and Delhi is 390 miles. Find 
the total space that must be left between the rails to allow for a change 
of temperature from 3G°F. in winter to 117°F. in summer. Given 
expansibility of iron = 12 X 10"* per degree centigrade. 

A. 0*21 mile nearly. 

5. A glass rod when measured with a zinc scale, both being at 
~0°C appears to be one metre long. If the scale is correct at 0°C what 
is the true length of the glass rod at 0°C ? The co-efficient of linear 
expansion of the glass is 8 X 10" 4 and that of zinc is 26 X 10“°. 

A. 100 036 cm. 

6. The height of a barometer appears to be 76-4 cm. according 
to n brass scale which is correct at 0°C. If the temperature at the 
time of rending is 30 C C. what is the actual height of that mercury 
column ? The co-efficient of linear expansion of brass is 0*0000189. 
How is this quantity determined experimentally ? 

A. 70*44 cm. 

7. A steel tyre 4*0 feet in diameter is to be shrunk on to a cart 
wheel of which the average diameter is & in. greater than the inside 
diameter of the tyre. Assuming the co-efficient of linear expansion of the 
material of the tyre to be 0*0000112, calculate the necessary rise of 
temperature of the tyre in order that it may easily slip on the wheel. 

A. 232*0°C. 

8. A man wishes to fit an aluminium ring on a steel rod of 1 inch 
diameter but it is *001 too small in diameter. How much should its 
temperature be raised before it will just slip on ? Subsequently he 
wishes to remove it again, but now he has to heat both metals together. 
Through how many degrees must this be done ? (Coeff. of expansion 
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Reference 


of aluminium 


000025; coefT. of expansion of stwl (Ga ^u™ 1953) 


rt?J« :tJr io-fJ 1 

presses against an end of al e through 2°. Find the 

on being heated through 500 C. turns «ie ic_ «? } 

co-efficient of linear expansion of rod (90 _ n/~ 


Hints : — 


- 0 radians = 


10’6 


2X » 
ISO 


radians 


. , .1 1 ft.svov - x -i- — 0‘ SCO cm. 

Increase in length _ 10 5 X ~ X 7 x jgo 

A 0 -000012 per °C. 

's :=» srassfsvssssf^ 

tlicse limits of temperature (co-efficient ot line (C u __ m2) 

». Explain what is meant TJXZ ZZ 

si on. State the relation it bears «ith (C U.—1943, ’53) 

13. Describe any method o^ dotem.m'ng ^ 

expansion nf »l,d. ^ (C. OJ, ^ . Gau . ,7.-1051) 

14. A sheet of brass is *0 an long and 10.cm. broad atJj’C. i the 
area of the surface increases by 1*0 sq. cm. at 

efficient of linear expansion of brass. 

A. 10 X 10"* P»-* r ° C * „. , 

15 The volume of a lead bullet at 0°C. is 25 c.c The volume 
increases al 08*C. by 0 021 c.c. Find the coefficient of bncar expan- 

sion of lead. 

A. 28 0 X 10- per °C. , . . , 

10 A bar of steel is heated through 200°F. and securely fixed at 
each end while at this increased temperature. What force P^r ‘nc 
of section is the bar capable of exerting when it lias coo el do« n to the 
original temperature, provided that Ihc fixinff at both the ends remau, 
r i ff id? Mean co-efficient of expansion between 3. T. to -1-1 
0-7 X 10- and the modulus of elasticity = 140110 ton ,»er sq. men. 

A. 18*70 tons wt. 

17. Two flat circular discs, one of platinum and the other of‘ silver, 
of equal radius and each 2 mm. thick are securely fastened back t back 
l . n°C Thcv are then suspended m water boiling at normal 

p" Show SltVcy win in. hS « that they for,,, a 

hollow sphere and determine tlieir radius of curvature. C.ivcn the 

Sent of linear expansion of silver = 18*8 X 10- per degree centigrade. 

A. Radius of curvature = 404 cm. 


Art. 11 


Art. 16 


Art. 19 


Arts. 

14 & 19 

Art. 17 


Art. 18 


Art. 19 


Art. 1 


Art. 21 
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Reference 
Art. 21 


Art. 21 


Art. 21 


Art. 21 


18. Describe the effect of varying temperature on the rate of a 
clock or a watch. Explain how chronometers are constructed so as to 
keep accurate time in spite of changes in temperature. 

(C. U.—1935 ; All. U.—1932) 

19. Why should the time of oscillation of a clock-pendulum change 

with rise of temperature ? What arrangement is made to make the 
clock correct time both in warm and cold weather ? Given that the 
co-efficient of linear expansion of brass is 19 X 10— and that of steel 
11 X 10—, what must be the relative lengths of the bars of the metal 
used in gridiron pendulum. (P. U.—1930) 

A. 11 : 19. 

20. What is a compensated pendulum ? Explain the principle of 
construction of Harrison’s gridiron pendulum. 

A gridiron pendulum is made of 5 iron rods and 4 brass rods. Each 
of the brass reds is 50 cm. in length. Find the length of each iron rod. 
The linear co-efficient of expansion of iron is 12 X 10— and of brass is 
18 X 10-. (C. U.—1948) 

A. 50 cm. 

21. The pendulum rod of a clock is made of wrought iron and the 
pendulum swings once per second. If the change of temperature is 25°C. 
find the alteration in the length of the pendulum. Co-efficient of linear 
expansion of the wrought iron =11-9 X 10—, g = 980 cm./sec.*. 

A. 0-029 cm. 


CHAPTER III 

EXPANSION OF LIQUIDS 

22. Expansion of Liquid.—Like solids, liquids also expand 
■when heated. But as liquids have no 
definite shape of their own, but have fixed 
volumes, they possess volume or cubical 
expansion only. Therefore expansion of a 
liquid always means cubical expansion. 

Different liquids expand by different extents 
for a given rise in temperature. Fig. ‘20 
represents a number of glass bulbs of equal 
capacity A, B, C etc., each provided with a 
thin stem and fixed vertically in a suitable \J 
frame V. All the bulbs are enclosed in a 
trough at the base of the apparatus. Differ¬ 
ent liquids are poured to the same height 
into the bulbs at the room temperature so 
that they occupy equal volume at this tem¬ 
perature. Now hot water is placed into the Fig. ‘20 

trough, so that each liquid is heated equally. 

But the rise of level in different vessels is different. This shows that 
the expansibility differs with liquids. The volume expansion of a 
liquid is more than that of a solid for a given rise of temperature. 

Real and Apparent Expansion.—The expansion of the liquid 
due to a rise of a temperature is always accompanied with expansion of 

containing vessel. Let us take a largo glass bulb provided 
with a long stem of uniform narrow bore (Fig. 21) and let 
the bulb and a part of the stem upto A, be filled with a 
liquid. If the bulb is now suddenly immersed into a bath 
of hot water, the level of the liquid momentarily comes 
down to a level B, and then gradually goes upto C higher 
than A. This happens because as the heat is supplied 
from outside, the vessel is warmed earlior than the liquid. 
The capacity of tho vessol being increased, the level of the 
liquid falls. Tho heat then passes into tho liquid which 
ultimately attains tho temperature of the bath. As tho liquid 
is more expansible than glass, its level finally rises above 
A. In fact wo observe the expansion from A to C ; tho 
volume AC therefore measures tho apparent expansion 
Fig. 21 of tho liquid. If we make a simple assumption that the 
vessel has first attained the temperature of tho bath without imparting 
any heat to the liquid contained and then the liquid has boon warmed 
up to tho temperature of bath, then tho volume BO measures tho 
real expansion and AB measures that of tho vessel, for tho given 
rise of temperature. It is evident from Fig. 21, that AC “BO- AB. 
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Apparent expansion = Real expansion — Expansion of the con¬ 
taining vessel. 

i.e. Beal expansion-* Apparent expansion + expansion of the 

containing vessel. 

23. Co-efficients of Real and Apparent Expansions. The 
coefficient of real or absolute expansion of a liquid is defined to be 
the ratio of the increase in volume of a liquid for 1 C rise to the 
original volume. If Y be the coefficient of absolute expansion, then 

_ real expansion_ 

original volume * rise of temperature 

The coefficient of apparent expansion of a liquid is given by 

, o bserved expa nsion of th e liquid_ 

^ original volume * rise of temperature 

Relation between y and y ''.—Let us suppose that the stem of 
the bulb in Fig. 21 is graduated. Let the liquid stand at A when its 
temperatures is O'C. and let the level come to C when the temperature 
rises by t° C. Let V Q be the volume of the liquid upto A at 0°0 and v, 
v lt Do be the volumes represented by BC, AC and AB respectively. 
Let y, Y be the coefficients of absolute and apparent expansions of 
the liquid respectively and y t the coefficient of cubical expansion of the 
material of the vessel. 

Then for a rise of t C., v ™ V„y£ ; Vi”"V„y t ; and v 9 — V 0 Y g 2. 
Sinco v — Di + d 3 ; V.yt ■= Y„y t + V D y*< 

Hence, V a v' + Yg ••• (23,l) 

Thus coefficient of real expansion — coefficient of apparent expansion 
+ coefficient of cubical expansion of the material ol the vessel. 

24. Determination of the Co-efficient of Apparent Expansion 
of a liquid. — 


The Volume Dilatoineter method.— Suppose the volume of the bulb 
in fig. 22 is known and the stem is graduated in equal divisions. The 
bulb and a part of the stem are filled with the given liquid. The bulb 
is then kept for some time in a bath at O'C. and from the position of 
the liquid surface, volume at O’C. is obtained. The bath is then raised 
to a constant higher temperature, say, t° C. and the position of the 
liquid level at this temperature is noted again. 

If a be tho area of cross-section of the stem in sq. cm. and l cm. 
he the distance through which the liquid column moves, then the 
increase in volume is la c.c. 


Neglecting the expansion of the 
The volume of the bulb can 


bulb, ✓ - £ 

he measured at any temperature by 
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Fig. 22 


weighing the vessel empty aDd then again weighing the bulb filled with 
mercury at the same temperature. The difference of 
weights gives the mass of mercury occupying the 
volume of the bulb. Dividing this by the density 
of mercury at the corresponding temperature, the 
volume of the bulb is obtained. 

The Weight Thermometer Method.—The 
weight thermometer consists of a glass bulb, 
provided with a short bent capillary stem (Fig. 22). 

The bulb is at first cleaned, dried and carefully 
weight empty. The nozzle of the bent tube is kept 
under the liquid under experiment. By a process of 
alternate heating and cooling, it is completely 
filled with the given liquid. When quite full the 
bulb is kept immersed for sometime in a water bath, say at the room 
tomperature. with the open end still under the surface of the gi^OQ 
liquid, until the contents of the bulb acquire the temperature t x C of 
the water as noted by a thermometer. The weight thermometer is then 
removed, gently wiped dry and weighed again. It is now placed in the 
water bath which is kept well stirred and gradually raised to a higher 
temperature. The temperature of the bath is kept constant for some¬ 
time at some higher temperature * 9 °C. The liquid in the bulb expands 
and some of it is forced out. The apparatus is then removed from the 
bath, gently wiped dry, cooled to the initial temperature and weighed 
again ; liquid remaining in the bulb, of course, contracts to a smaller 

volume. 

Lot the mass of the weight thermometer, when empty “ ^ gm. 
its mass when filled with liquid at t x C. — W t gm. 

its mass with the liquid loft at t*°C. “ 6 m * 

The mass of the liquid filling the thermometer at t C. 

- W t - W - m x gm., say. 

o __ 

Also mass of the liquid left in the thermometer at f 9 C. 

- W 9 - W - m a gm., say. 

Neglecting the expansion of the weight thermometer itself, wo find 
that the volume occupied by a mass of m x gm. of o the liquid at t x C. 
is the same as the volume occupied by m t gm. at t» C . 


Lot the density of the liquid at h C 
Then volume of m x gm. of the liquid at t x C 
Also volume of m% gm. of the liquid at t x C 


- P 

“ VI i P 

— m a /p 


Hence a volume w,/> of the liquid at t x °0 occupies a volume m x iP 
when raised to 0. 


The apparent expansion between ^*0 and t% C 


VI x 


% 

P 



-336 


INTERMEDIATE PHYSICS 


CHAP. Ill 


Hence the coeff. of apparent expansion of the liquid is given by 

Wt_W3 

y/ = P P _ W>1 - 771 2 

Thus v r —_ mass of liq uid expelled 

mass remaining x rise of temperature 

As the co-efficient of expansion is obtained directly from different 
weights, the method is known as that of weight thermometer. This 
method is not suitable in case of volatile liquids. 


... ( 24 . 1 ) 


Examples :— 

1. A weight thermometer containing 100 gm. of mercury at 0°C is surrounded 
by liquid in a bath when 4 gm. of mercury flow out, What is the temperature of 
the bath if the apparent coefficient of expansion of mercury is *00018 ? 

(E. P. U.—1952) 



• • 


We know, 



*00018- 


4_ 

90 x t a 


nix — nig _4 _ 

»i»Ua~tx) ”(100-4)(f,-0) 

. „ _4_ 

or ’ 8 “ 96 x 00018 


and y — 


00018 


Using logarithms, log 4 ■= 0 6021 ; 

log 96= 19823 (T6021 

log '00018-4'2553 2 2876 

~2'2376 2'8646 


antilog 28646 = 231‘6 

— temp. of bath —281'6°0 


2. A glass weight thermometer has a mass of 6-84 gm. when empty and 153*81 
gm. when filled with mercury at 0°C. If 2-08 gm. are expelled when it is heated to 
100°C, find the co-efficient of relative expansion of mercury in glass. 

(R. P. B.— 1952) 



Mass of mercury with the buib at Q°C = 153-81—6-34=147-47 gm. 
Mass of mercury expelled at 100°C = 2-08 gm. 

Mass of mercury remaining within bulb-= 147-47 — 2-08 = 145-39 gm. 
Hence from eqn. (24,1), the apparent expansion y* for mercury 


_ 2-08 
145-30 X 100 


= -000143 per °C. 


2. The co-cfficient of cubical expansion of glass and mercury being 25 X 10"* 
and 18 X 10 -5 per degree centigrade respectively, what fraction or the whole volume 
of a glass vessel should be filled with mercury in order that the volume of the empty 
part should remain constant when the gloss and mercury are heated to the same 
temperature ? (C/. Gau. U.—1952) 

A. Let V 0 be the total internal volume of the vessel at 0°C and v the volume 
filled with mercury. 
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Then 


v 

Vo 


— is the required fraction 


At t° C. the volume of the vessel = Vo (1 -+ Y0 =\» (1 +25 X 10"* X <)- 
At t °C the volume of the mercury =v (1 + 18 X 10 -5 X t ) 

Volume of the empty part = V 0 (1 + 25 X 10"* X t) — v (1 + 18 X 10 - ® X<) 
= Vo —v+ (Vo X 25X10^— t’XlSXlO-'X 

As the volume of the empty part is to remain constant (= V« — v) 


Vo X 25 X 10-* — v X18X10- 3 = 0. Whence y - = — = — 

25. Effect of Heat on Density. —The density of a body is its 
mass per unit volume. When a body is heated, it generally expands 
in volume. As the mass remains constant, the density must decrease 
with a rise of temperature 

Let the volume and density of a mass M of a liquid be V„ and p a 
at 0°C. and V, and p« when rises to t° C. 

Then M - V c p 0 “ V, Pt = V 0 ( 1 + Vt)p t 

P 0 ~P, (1 + Yt) ... (25,1 

whence Pt - P 0 (l + Y i)~' - Po ( 1 “ Yt) neglecting terms contain¬ 

ing higher powers of Y. 

Thus p, “P.(l-Vt) ••• ( 25 ' 2 > 

The equation shows that density decreases as temper at tire rises. 

From oqn. (25,2) Y — x ^ 

If the temperature rises from C t to t * and p, and p, bo the corres¬ 
ponding densities, then 

P# -PiU “?(*• -ti)l whence Y “ ( 25 * 3 ) 

Hence by knowing the densities of a liquid at two different tempe¬ 
ratures ti and t u , the value of the coefficient of cubical expansion Y can 
bo indirectly determined. 


Examples :— 

1 . The density of mercury at 20°C. is 13-510 and its co-cfTicicnt of cubical 
expansion is 0*000182. Find the mass of 500 c.c. of mercury at 80°C. Also find the 
volume of 500 gm. of mercury nt this temperature. 

A. Let p be the density of mercury at 80°C. 

From eqn. (25.3) 0*000182 = 20)" whenCe p'= 13-398 gm./c.c. 

mass of 500 c.c. of mercury at 80°C = 13*808 X 500 — GOOD gm. 

Again volume of 500 gm. of mercury at 80°C. = 500/13*4 = 37*3 c.c. 

2. The density of mercury is 13*0 gm./c.c. at 0°C and at 100°C it is 13*35 

irn j / c c. Calculate the co-efficient at absolute expansion of mercury. 

K ‘ (Utkal. U.-r-1040) 

A. Let p e “ 18'6 and p t — 18*36 gin/c.c. Then according to eqn. (26,2) 


H—22 
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Po - Pl 13*6-13'35 m '25 
p 0 x< = 18 6x 100 “i860 


1*84 x 10'* per °0. 


26. Determination of the Co-efficient of Real or Absolute 
Expansion of a liquid.— (l) Indirect Method .—If y and y be the 
coefficients of absolute and of apparent expansions of a liquid and if V 8 
be the coefficient of cubioal expansion of the material of the containing 
vessel, then from eqn. (23,1). 

vS + Yg 

Finding y' by any of the methods given in the last article and 
taking y t as three times the coefficient of linear expansion of the 
material of the vessel, the value of /, can be calculated. Since different 
samples of glass have different expansibilities, the value of y as calcu¬ 
lated from y g is not very accurate. 

(2) Dnlong and Petit’s method.—The coefficient of absolute 
expansion of mercury can be directly determined by this method. 

The apparatus in its simplest form, consists of a glass tube open 
at both ends and bent twice at right angles in the form of a U-tube 
AECD (Fig. 23) of which the limbs AB and CD are vertical and the 

Each of the vertical limbs is jacketed 
by a wider glass tube with its ends closed 
by corks through which the vertical tube 
passes. The jacket tubes are provided 
with outlets at the top and at the bottom. 
Thermometers are inserted through holes 
in the upper cork. 

The given liquid is poured into the 
U-tube, so that its level, equal in each 
limb, is just visible above the jacket tube. 
One of the jackets, say that of CD, is 
kept filled with a stream of ice-cold water, 
entering at the lower end and going out 
through the upper outlet. At the same 
time steam is passed into the other 
jacket, which enters at the upper end 
and goes out through the lower outlet. 
To prevent the passage of heat from 
the hot limb lo the colder one, BC is kept covered with piece of cloth 
or blotting papor moistened with cold water. 

A difference of temperatures is set up in the liquid in the two 
limbs ami the level of mercury in the limb AB, is found to rise above 
that in CD. When the liquid columns have attained steady positions, 
the heights of the mercury levels iu AB and in CD above the axis of 
the horizontal tube BC are measured and temperatures in the two- 
limbs are noted. 


portion BC is horizontal. 
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Let heights of liquid columns in AB and CD =■ ht and h 0 respectively 
temperatures of liquid in AB and CD =t and 0°C 
densities of liquid at t°C. and 0°C — p t and p 0 „ 

coefficient of absolute expansion of mercury = y 

Then pressure at B — hi pt g + P and pressure at C = h a p c g 0 + P where 
P is the atmospheric pressure. 

As BC is horizontal, pressure at B = pressure at C 

.*• h t Pt o + P = h.poQ + P or htPt = h 0 p 0 

Since from eqn. (25,1). p 0 = p<( 1 + Yt), and ht p t = h„Pt (1 + yt) 

whece h 0 yt ” ht - h c or y — ... (26,1) 


The increase of level is independent of the dimension or the expan¬ 
sion of the material of the vessel. In the laboratory, instead of water 
at 0°C. generally water at room temperature is used and the calculation 
is thus modified. Let h 2 and be the heights of the cold and the 
hot columns respectively and let t» and 1 x be their respective tempera¬ 
tures at which the densities of mercury are P x and p a respectively. 

Then or 

h 9 (l + y< x )“ h x (l +ytv) or y(h x t 9 ~h t t x )~h a -h x 


whence 


y 


h 9 ~ h x 
h x t v h % 1 1 


• • • 


(26,2) 


It is to be noted that Dulong and Petit's method gives the real 
expansion of a liquid, while weight thermometer or a dilatometer gives 
the apparent expansion. 

Example :— 


1. In an experiment performed by Dulong and Petit’s method, the heights of 
the cold and hot columns of mercury are found to I>c 90*0 cm, and 92*2 cm. res¬ 
pectively. If the first column is at 0°C. find the temperature of the oilier 
(y for mercury = 18*2 X 10 °). 


A. Let t° C, be the required temperature. 


From eqn. (20,1) 18*2 X 10“* 


92-2 — 90 • 0 
90*0 X t 


whence 


t =97 c C 


nearly. 


Table of Co-efficients of Ileal Expansion of Liquids 

(Mean value between 10°C and 30°C.) 


Water 

(40° — 100°) .. 0 • 00058 

Aniline 

.. 0-00085 

Mercury 

.. 0-00018 

Terpentine 

.. 000094 

Glycerine 

.. 0•00053 

Ethyl Alcohol 

.. 0-00110 

Olive oil 

.. 0•00070 

Methyl Alcohol 

.. 0-00122 

Benzene 

.. 0-00124 

Paraffin Oil 

.. 0-0009 


27. Anomalous Expansion of Water. —We know that liquids 
expand on heating and contract on cooling. But in tho case of 
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water some peculiarity is observed. If a quantity of water, from the 
room temperature, be gradually cooled, the volume decreases until the 
temperature falls to 4°C. If the temperature is further lowered the 
volume instead of diminishing increases. Water, therefore, occupies 
the smallest volume at 4°C and has consequently the maximum density 
at this temperature. This can be shown by any one of the following 
methods.— 

Constant Volume Dilatoineter. —This consists of a glass 

vessel with a cylindrical bulb and a long graduated stem of uniform 

narrow bore (Fig. 24). 
In the bulb is put a 
quantity of mercury 

whose volume is one- 
seventh the capacity 

of the bulb. As the co¬ 
efficient of cubical ex¬ 
pansion of mercury is 
nearly seven time that 
of glass, then for any 
change of temperature, 
the expansion of the 
vessel is equal to the 
expansion of mercury 
contained. Hence the 
open space inside the 
vessel remains constant and is independent of a change of temperature. 


I 


i r-H 



Fig. 24 



A quantity of water is put into the dilatometer so as to occupy a 
certain level in the stem. The bulb is now placed in a water-bath 
maintained at 0°C. the temperature being noted by a sensitive ther¬ 
mometer placed in the bath. When the position of the water column in 
the stem becomes steady, the volume of the water is noted. The 
temperature of the bath is then raised slowly, the water being stirred 
well. From the position of the water level in the stem the volume of 
the water at the corresponding temperature is noted. 


If the volumes be plotted in a graph against corresponding tempera¬ 
tures, we get a curve, as in fig. 25. It is a evident from the graph that 
as the temperature rises from 0°C , the volume of the water at first 
decreases, becomes minimum at 4°G. and then goes on increasing for 
further rise of temperature. At 4°G, therefore, the volume of a given 
mass of water is minimum and so the density is maximum. It may 
be noted that exactly 1 o c. of water at 4°G. has a volume of 1'000127 
c.o at 0"G. and 1 000265 e.o. at 10°G. Honce the variation of volume 
with a change of temperature is very small. 


Hope’s Experiment.—The apparatus consists of a tall glasB cylin¬ 
der G fFig. 26), closed at the bottom and surrounded at the middle 
by a wide circular trough J. The cylinder has two lateral openings, 

■ one near tho top and the other near the bottom, closed by corks through 
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which thermometers T, T are inserted horizontally. The cylinder 
is filled with water previously cooled to about 10 C, and the troug 
is packed with a freezing mixture of ice and salt. 



Fig. 26—Hope’s apparatus 


Fig. 


27 


The thermometers T, T are observed from time to time Tust at 
the beginning, the two give practically the samo reading The lower 
one then starts to fall and gradually comes down to 4 C. at which it 
remains stationary. During all this time reading of the upper thermo¬ 
meter remains practically unchanged. After sometime it begins o 
fall and gradually comes to 0 c C. If the cooling is continued for a long 
time small crystals of ice are found floating on the surface of the 
water while the lower thermometer remains steady at 4 G. Alter 
sufficiently long interval the lower thermometer records a fall of tempe¬ 
rature from 4°C. This is an indication that water possesses the maxi¬ 
mum density at 4 C. 

~*~Let us start with the assumption that water within the cylinder 
is initially at a uniform temperature of I0°C. when the freezing mixture 
is applied at its central part. Owing to the action of freezing mixture, 
the water in the central part of G cools, becomes denser anil goes 
down ; and at the samo time the warmer and lighter water from the 
bottom goes up, gets cooled and goes down again. Thus the water at 
the bottom gradually falls in tomperature, as is shown by the lower 
thermometer. This continues till the whole mass of water in the lower 
part has come to 4°C. On further cooling, the water near the middle 
cools below 4°G, but does not sink down as is evident from the constant 
reading of 4 0 C. given by the lower thermometer The water tends to 
ascend but cannot do so as it is heavier than the wator in the upper 
portion. As the cooling continues, the wator near the middle gradually 
falls to 0°C, and small crystals of ice aro then formed ; thoso tend to 
rise to the surface, melt and cool the water in the upper part, as is 
shown by a rapid fall in the upper thermometer. This continues till the 
whole mass of water in the upper portion comes to 0°0., as indicated 
by the upper thermometer T, while all this time water in the lower 
part remains at 4°C. The crystal of ice o which are now formed near 
the middle, being lighter than water at 0 C., float on its surface. 
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As the densest liquid ocoupies the lowest position and as the lower 
thermometer indicates a temperature of 4°C. it is concluded that water 
at 4°G. has the maximum density ; in other words, a given mass of water 
occupies the smallest volume at 4°C. The density of water at 4°G, is 
taken to be unity. 

If the readings of the two thermometers, taken at regular intervals, 
are plotted against time, curves as in fig. 27, are obtained. The fact 
that water has its maximum density at 4°G is of great practical 
importance in nature. During frosty weather in cold countries, the 
water in lakes, river, etc gradually falls to 4°G., on further cooling, the 
water in the upper layers becomes lighter and so remains on the surface. 
The water on the surface thus gradually cools to 0°C. aud finally 
freezes while the water below remains practically at 4°C. The ice 
floats on the surface and thus lives of fish and other aquatio animals 
are saved. If the density of water would have continued to decrease 
below 4 C., the water at 0°C, would occupy the lowest layer and ice 
would bo formed from below upwards so that the whole mass of water 
should be changed into a solid block of ice. 

*28. Thermostat.—One of the most useful practical applications 
of the expansion of a solid or liquid is the construction of an instrument 
which maintains a substance at a known constant temperature. Such 
an apparatus is called a thermostat or a thermo-regulator. 

Fig. 28 represents a liquid thermostat, in which the glass bulb B 
contains some such liquid as toluene, bonzene or alcohol possessing 
large co-efficients of expinsion. A glass tube P which is sealed into the 
bulb nearly reaches its bottom and is provided with a side tube N 
having a stop cock. The tube P is bent twice at right angles and is 
terminated with a bulb C having an opening. A short glass pipe is 

fused at the top of G reaching nearly to its 
bottom. A H-piece glass tube with an 
inter-connecting adjustable tap S is very 
often fitted as shown. The end F is con¬ 
nected to a gas burner. 

When the temperature of the bath 
exceeds a certain critical limit, the liquid 
inside forces the mercury column contained 
iu P through the pipe so as to close the 
end of the pipe E and hence the supply of 
ga6 to the burner through the pipe is 
stopped temporarily. The gas supplied 
through the by-pass tube is just sufficient 
to maintain a small flame at the burner. 
The heat supplied by the burner to the 
bath becomes insufficient and the tempera¬ 
ture of the bath tends to fall producing a 
small decrease in volume of toluene. The 
mercury column recedes opening the gaa 
supply. This explains how the temperature of the bath is not allowed 





Fig. 28 
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to cross an assigned limit. The critical temperature may bo adjusted 
by the mercury column within the funnel N. 

*29. Correction of Barometric reading for Temperatures.—- 
In a mercury barometer, the pressure of the atmosphere is expressed 
in terms of the height of a column of mercury, which is measured 
usually by a brass scale. The scale is correct at 0 C , and the liquid 
column is initially adjusted at 0°C. Hence the observed height of a 
barometer at't°C is to be reduced to the equivalent height at 0 O. lo 
ellect this, it is necessary,— 

(») to correct for expansion of the scale between O'C and t C. 

(ft) to correct for the change in density of mercury. 

Let H - the observed height of the barometer at t C. 

Ho “the equivalent corrected height at 0°^ 

P Q and p = densities of mercury at O'C and t C. respectively, 
coefficient of linear expansion of the material of the scale. 


y ~ coefficient of real expansion of mercury. 

(i) To correct for the Expansion of the Scale. At f C the scale 
increases in length, so 

(1 + <t) cm. So the observed reading H, recorded by this increased 
scale is less than the reading h, given by the correct scale at 0 O. 

Then (oq ,\ 

h— h(i + *t) ••• 

(ft) To correct for the change in Density of Mercury. The reat mg 
h requires correction for the change in density of mercury. As tie 
atmospheric pressure romains the same. 

hpg lloPoG or hp — H C P (1 + Vt) 


whence H c “ ^ — h {I + yt ) x -h[l-yt) 


(29,2) 


neglecting higher power of V. 

From (l) & (2) 

Ho - H (1 + *0 (1 - Vt) - Hi ! - O’ - 


neglecting y<l* which is small in comparison to *t or yt. 

The following Table supplies the variation of density of water 
temperature. 

Density of Water with Temperature. 


Temp, i 

°c 

Density 

gm/c.c. 

Temp 

°o j 

Density j 
gm/c.c. 

Temp. 

°C 

Density J 
gm/c.c. 

0 

.99987 


10 

99978 

24 

| -99732 

1 

99998 


12 

•99958 

26 

•99681 

! 2 

*99997 


14 

99927 

28 

99626 

8 

•99999 


10 

•99897 

30 

*99567 

4 

1 00000 


18 

| 99862 

82 

•99505 

6 

•99997 


20 

99828 

84 

•99440 

! 8 

*99988 


22 

•99780 

86 

( -99371 


(29,3) 

with 


• ^l 
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Example :— 

1. A barometer with a brass scale, correct at 62°F, reads 80 in. at S0°F. 
Find the reading of the barometer when corrected to S2°F. (Given that «C for 
brass = 18 X HT 4 , and Y hr mercury = 18 X 10"* per 1°C.). 

A. «. for brass per 1°F. =—|—X 0-000018 = HT 6 . 

Also y for mercury per 1°F=10~*. 

Correction of scale .—As the scale is below the standard temperature the reading 
h given by the correct scale at 62°F, is less than the observed reading at 50°F. 

Then h = SO \ 1 -f (50 — 62) X 0-00001 f = 29-964 in. 

Correction for change of density of mercury .—The height of the mercury column 
at 50°F, is given by h in. If Ho be the correct height at S2°F. and p 0 and p be 
the densities of mercury at 32°F, and 50°F, respectively. 

H 0 p 0 = /jp and p 0 ~ pU + (50- 32' 7 Hptl + 18 xO’OpOI). 
whence Ho (1 -f 0 - 0018 ) = h = 29-964 H» = 29-91 inches. 

*30. Correction for exposed stem in a Thermometer.—When 
a thermometer is used to measure the temperature of a body, the upper 
part of the stem is at a temperature considerably lower than that of 
the bulb. The divisions of the scale in the lower part do Dot, therefore, 
expand equally and so the observed temperature requires correction. 

Let t x be the observed temperature of a body whose real temperature 
is t. Let tbero be n divisions of the temperature exposed to air at an 
average temperature f 2 . If the thermometer were throughout at t°, 
these n divisions would cover a space equivalent to + y[t —1*)\ 
divisions, */ being the coefficient of apparent expansion of mercury in 
glass. 

Hence the correct number of divisions in the exposed column 
n{l + y(t - - n - n(t - 

The true temperaturo of the body is given by 

t-t L +n(t-t a )y ... (30,1) 

In practice, however, n{t x ~ t H ) will differ very slightly from n(t - $ a ). 

Hence the true temperature of the body is given by 

t = tx + n{ti - t.)y ... (30,2) 


THOMAS CHARLES HOPE (1766—1844) 

Hope was born at Edinburgh in 1766. He was educated at the 
High School at the University of his native town. After finishing a 
brilliant cureer at the University, he was appointed to the Chair of 
Chemistry at the Glasgow University in 1787. Later in 1795 be was 
appointed the joint Professor of Chemistry with Prof Elack at Edin¬ 
burgh. After the death of Prof. Elack in 1799, he took sole charge 
of the Chemistry department. 
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He bad many researches of which the two outstanding are the 
discovery of strontium in 1792 and of water attaining the 
density at 4°C. Due to old age he resigned his professorship in 1843 

and the following year he died. 


Summary 

Coefl. of real expansion of a liquid = Coefl. of the apparent expansion 
Coefl. of expansion of the material of the vessel. 

Determination of tl.e co-efficient of apparent expansion— 

(1) By Volume Dilatometcr. (2) By Weight Thermometer. 

Determination of the co-efficient of real Expansion of mercury. 

(1) Indirect method. Y = Y' + Vs- 

(2) Unions and Petit’s method. Y =where fi. and A, are the 

heights of two columns at 0°C. and t°C. respectively. 

Expansion of water.-A given moss of water occupies 
at 4°C. and so has the maximum, density at that tempera • 
by (1) Constant volume Dilatometer (2) Hopes expert me . 


Exercises on Chapter III 

I Distinguish between the apparent nnd real expansions of a 
liquid, and describe an experiment to determine the apparent expausio 

<p!u-19S0 ; C. U.—1913 , 0 ,. Dei. H. S.-1931 i ILF. 

2 . Show that the absolute co-efficient of cubical expansion of a 

liquid is the sum of its apparent co-efficient of“ 
efficient of cubical expansion of the material of Xhevmtamcr. 

(C/. Gau. U—1052; Utk. U—1953 ; P. U—1952 ; I at. U—1952) 

3. A weight thermometer weighs 1-87G0 gm. when empty. It : * 
filled with mercury at 0°C and then heated to 100 C. when 0-23ol gm. 
of mercury is expelled. The thermometer with the remaining mercury 
weighs 10-8025 gm. Calculate the co-efficient of apparcnt^expansio^of 

of mercury. ' 

A. 10 X 10-* per °C. 

4. A specific gravity bottle holds 50 gm. of glycerine at 30° C. 
How much will it hold at 100°C. assuming the coefficient of cubical 
expansion of glycerine to be -00051 and that of glass to be, WOOSL^ 

A. 47-93 gm. 

G. Describe the weight thermometer method of determing the 

Tt SSfir, ^.‘^1943 ; B. P. B. 1947; U. P. B.-193*) 


Reference 

Arts. 
22 & 24 


Arts. 
22 & 23 


Aits. 

22 & 24 


Art. 24 


Art. 24 
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Reference 
Art. 24 

Art. 24 

Art. 24 

Art. 24 

Art. 24 

Art. 24 

Art. 24 

Art. 24 

Art. 2 1 

Art. 24 
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G. If the co-efficient of apparent expansion of mercury in glass be 
15 X 10 , what mass of mercury will overflow from a weight thermo¬ 
meter which contains 300 gm. of mercury at 0°C when raised to 83°C ? 

(Dac. U.—1043) 

A. 3-G9 gm. 


^' A glass weight thermometer has a mass of 6*34 gm. when empty 
and 151-73 gm. when filled with mercury at 99 °C. If 2-03 gm. have 
been expelled in changing the temperature from 0 °C to 99 C C. determine 
tiie co-efficient of relative expansion of mercury in glass. 


A. 14-6 X 10-° per °C. 


(U. P. B.—1952) 


8. A weight thermometer weighs 25 gm. when empty and 475 gm. 
"hen filled with mercury at 0°C. On heating it to 100°C, G-55 gm. of 
mercury is expelled. Calculate the co-efficient of linear expansion of 
glass, the co-efficient of real expansion of mercury being -000182 per °C. 


(Pat. U.—1952) 

A. -000011 per °C. 

9. A weight thermometer contains 82 gm. of a liquid at 10°C and 

on heating it to 85°C, 2 gm. of liquid are expelled. Find the co-cfficient 
of absolute expansion of the liquid, if the co-efficient of linear expansion 
of glass is -000009. (E. P. U.—1950) 

A. -0003G per °C. 

10. Explain how to find the co-efficient of real expansion of a 
lifjuid by weight thermometer. Why is it called a thermometer. 

(E. P. U.—1952) 

11. A thermometer is made by forming a bulb at the end of a 
glass capillary lube, of which the area of cross-section of the bore is 


0-0301 f,q. cm. The apparent co-efficient of expansion of mercury in 
glass being 15-5 X 10 -5 , per degree centigrade, what must be the volume 
of the bulb if the degree marks are to be 0-2 cm. opart? 

A. 30*2 c.c. 


10. A glass bottle with a fine stem, when immersed in melting ice 
ju>i contains 300 gm. of mercury. Calculate the amount of mercury 
that will overflow if the bottle is kept sufficiently long time in boiling 
water, the barometric pressure being 70 cm. 'Would the amount of 
overflow^ have been different if the pressure had been considerably 
lowered? The co-efficient of expansion of mercury in glass = 1/(1500. 

(C. U.—1943) 

A. 4-55 gm. 

13. A weight thermometer weighs 40 gm. when empty ond 
490 K In * "hen filled with mercury at 0°C. On heating to 100 3 C, 0-85 

. escape. Calculate the co-efficient of linear expansion of 
g'asj, the co-efficient of real expansion of mercury being 0*000182. 

(R. P. B.—1942, 750; U. P. B.—1948) 

A. f) X 10 8 per degree C. 

1 k Find lhe mass of mercury which must be introduced into a 
bulb of 20 c.c. capacity in order to make the volume of the 
unoccupied portion in the bulb constant between 20°C. and 100°C. 

* for glass = 8 XlO" 8 : () of mercury at 20°C, and 100 C C. = 13-546 
and 13-372 respectively) . 

A. 3.5*5 gm. nearly. 

15. A graduated glass tube of uniform bore contains mercury upto 
100 divisions at 0 r C. Find the temperature at which the mercury 
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occupies 101-5 divisions ? (coeff. of absolute expansion of mercury 
0-00018 ; * for glass 8 X 10 -0 ). 

fo co-efficient of linear expansion of glass is 8 X 10^ and 

the co-efficient of cubical expansion of mercury is 1-8 X 10 P er ^S C. 
What volume of mercury must be placed in a specific gravity bottle in 
order that the volume of the bottle not occupied by the -rcu^diall 

be the same at all temperatures < 

A T v ir of the volume of the bottle. . 

17 The bulb of a dilatometer has volume o 19-8 c.c What 
volume of mercury must be introduced into it, so that the volume of 
the free portion becomes independent of changes mempera 
(«t for glass = 8X10"* and V for the mercury —18X10 ) • 

W. Hot toes the density of a substance change with temperature. 
CT the co-emcfeut of 

column stood et go cm. at 

, i i • i_oia°P the co-cfficient oi real 

32°F and stood 5 cin. higher at ~1~1. _ 

expansion of the liquid in degrees centigrade. fL. i. c. 

21 "l > c?c.^of > water* weighs 0-999874 gm. at 0°C. and 1 gm. at VC. 

Find the mean co-efficient of absolute expansion of water between 0 C. 

and 4°C. 

£ 3 lt X „„ 10 ;,t C -m d r7o C nnd the real expansion of mercury 
Dulonc and Petit’s apparatus, the temperature of hot column was 1 
end that of the cold column was 0"C. The heights of . 

columns were found to be 51 cm. and 50-1 cm. respectively. Calculate 

the co-efficient of real expansion of mercury. 

A 17-9 X 10" 6 per degree C. . . 

S3. In an experiment two columns of mercury one at the tern 
nerature of 14°C. and the other at a temperature of 100 C. balance cac 
other. If the length of the shorter column is 80- 4 cm.. f ‘ n ^_ lhe l " n | 
of the other, (co-cfficient of cubical expansion of mercury — 0 00018.). 

«4 8, Watcr"is said to have its maximum density at 4°C. Explain 
what this means. In what respects is the behaviour of mercury diff¬ 
erent from that of water when both are gradually warmed from^C. 

25. Show how would you correct the reading of a barometer for 
the expansion of the mercury and the £alc.^ ^ ^ ^ v __ ia ^ 

20. A mercury barometer with brass scale and correct at 0 C. 

reads 70-09 cm. at 17-8°C. Reduce thc^reading to 0 C. < « for 

brass = 19 X 10'®., y for mercury = 18 X 10 .). 

A. 70-47 cm. , . , , ir <> r 

27 A brass scale of a barometer was correctly graduated at 15 L. 

At what temperature would the observed reading require no temperature 
correction ? Co-efficicnt of linear expansion of brass; ‘000019 ; co¬ 
efficient of absolute expansion of mercury — -00018. (R. 1 . R. ) 

A. — 1 -8°C nearly. 


Reference 

Art. 24 

Art. 24 

Art. 25 
Art. 26 
Art. 26 

Art. 25 

Art. 26 

Art 26 

Art. 27 

Art. 29 

Art. 29 

Art. 29 
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31. Expansion of Gases.—Gases like solids and liquids change 
in volume due to changes in temperature but at a much greater rate. 
In considering the changes of volume of solids or liquids, the effect of 
pressure is not taken into account ; for even with a great change of 
pressure, the change in their volumes is negligibly small. But in the 
case of gases change in pressure produces an appreciable change in 
volume. To state the condition of a gas, it is necessary, therefore, to 
mention its volume (v), pressure (p) and temperature ( t ). A change in 
any one of these affects the others to a marked degree. Such changes 
are governed by the Gas Laws as given below.— 

(1) Change of volume by change of pressure, temperature rema¬ 
ining constant (Boyle s Law). 

(2) Change of volume by change of temperature, pressure rema¬ 
ining constant ( Charle's Law). 

(3) Change of pressure by change of temperature, volume remaining 
constant ( Law of Pressure). 

Hie first of these showing the relation between the volume (v) and 
the pressure (p) under constant temperature (tfl is given by Boyle’s 
law, which states that at constant temperature, the volume of a given 
mass of any gas vanes inversely as the pressure to which it is subjected . 

Thus when t remains constant. 

or pv =■ k, where k is a constant, depending on the mass and 
temperature of gas. This equation is called the isothermal equation 
of state. This has been dealt with in General Physics (Chap. XI). 

If no heat is allowed to enter into or leave the mass of the gas 
during a change of volume, the temperature does not remain constant 
and the changes then are known as adiabatic cbaDges of volume. 

The relation between pressure and volume under an adiabatic condition 
is given by the equation, 


pv' “a constant 


(31,1) 


where y is a number equal to the ratio of the specific heats of the gas at 
constant pressure to that at constant volume. 


82. Expansion of Gases at Constant Pressure.—John Dalton 

iirsf proved in IbOl that all gases when heated expand equally. It was 
ourul by Lhaides that at constant pressure, the volume of a given mass 
o any gas increases for each degree centigrade rise of temperature 
bi a constant fraction of its volume at 0°C. This is known as Charles’ 
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Law. This relation was afterwards verified by Gay Lussac and more 
accurately by Regnault and is sometimes called Gay Lussac's Law. 

If the volume of a given mass of gas at 0°C. be V 0 c.c., and if 7 P 
be the fractional increase of volume per °C, then for a rise of tempera¬ 
ture of t°C the increase in the volume is V a Y P t. Hence the volume of 
the gas at t°C. is given by 

V/ -V 0 + V 0 yp*-Vo H+Ypt) ... (32,1) 


Whence 



(32,2) 


This constant fraction y P may. therefore, be taken as the coefficient 
of cubical expansion of any gas at constant pressure or simply as the 
Volume Coefficient of the gas. The volume coefficient has been experi¬ 
mentally found to be very nearly in or 0 00366 for real gases. 

Hence from eqn, (32,1) V* “\ 0 ( 1 + 273 ) *** (32,3) 


The above relation is similar to that in the case of solids and 
liquids. But the following important points of difference are to be 

(lj As a change of pressure considerably affects the volume of gas, 

the presure must be kept constant. 

(2) The coefficient of expansion for gases is much greater than 

that for solids or liquids. , , ,, 

(3) The value of this coefficient is approximately the same tor all 
gases and not appreciably different from one anothor as in the cuso of 

solids or liquids. .. . . . , 

( 4 ) A8 the expansion in the case of gases for slight change ot 

temperature is much bigger than that in the case of solids or liquids, 
the volume at 0°G must always be taken, in applying the formula for 

P ]t is interesting to study the eqn. (32,3) ; for if we have a fixed 
mass of gas> then its volumo V 0 at 0°C is constant. If the temperature 
t of the gas is continuously increased, ito volume V, also continuously 
increases. The relation between V/ and t is that of a straight line, if 
their values are plotted on a graph paper. 

33. Determination of the Co-eVJficient of Expansion of a Gas 
at Constant Pressure. —The coefficient of expansion of a gas at cons¬ 
tant pressure can be determined by Constant Pressure Thorraomotors 

of different forms. 

(lj Constant Pressure Thermometer of a Simple form.—This 
consists of a glass tube, about 50 cm. long and with a uniform boro of 
about 1 mm. in diameter. Dry air is passed through tho tube for some 
time, after which one of the ends is sealed with a blow-pipe flame. 
The tube is then heated gently with the open end dipping in pure dry 
mercury. As the tube cools, the air inside contracts and small pellet 
H of mercury (Fig. 29) is sucked in, which serves as an index. The 
amount of the air expelled from inside should be such that tho mercury 
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pellet stands about midway along the tube at the room temperature. 
A thermometer T is tied along the body of the tube. The tube A is 
now held within a wide jacket tube G of glass, with its open end P ro ‘ 
truding out of the jacket The two ends of the jacket are also closed 
by stoppers and through each one passes a short glass tube to serve as 
inlet or outlet tube. 



Fig 29—Expansion of a gas at constant pressure 

Ice-cold water is at first circulated through the jacket, till the ther¬ 
mometer T records a constant temperature of 0°C. The gas within the 
glass tube also attains the temperature of 0°G and its volume becomes 
constant and so the pellet P comes to a steady position. After waiting 
for some time, the distance of the inner end of the pellet from the 
closed end is measured. Let l be the length of the air column at this 
state. The water is let out and steam is now passed through the jacket; 
the temperature rises and ultimately becomes constant. After sometime 
the position of the inner end of the pellet is noted again ; let the length 
of the air column be now t cm. and let the temperature be t G. 

If a be the internal cross-section of the tube, the volumes of the 
enclossed air at 0°C and t°C are respectively la and l a, neglecting the 
small expansion of the glasB tube. If the inclination of the tube is kept 
fiixed during the course of the experiment, its mouth being always open 
to the atmosphere, the pressure of the air inside remains equal during 

the period of experiment. . . 

Hence the coefficient of cubical expansion of the air at constant 

pressure is given by 


l a — la _ l' ~ l 
Yp “ laU - 0) “ U 


... (33,1) 


The mean value of the coefficient Yp is found to be the same at all 
constant pres sure- Inc air in the tube may be replaced by any other 
gas, und the coefficient of expansion for the gas may be determined 
as above. The coefficient of expansion as found above is really the 
coefficient of apparent expansion of the gas with respect to glass. But 
as the expansion of the glass is very small in comparison to that of the 
gas, it is not ordinarily necessary to apply a correction for this. 

(2) Constant Pressure Air Thermometer ( Iiegnault’s appara¬ 
tus ).— This consists of a U-tube AB (Fig. 30) with ono limb graduated 
and ending in the bulb A while the limb B is opon to the atmosphere. 
At the bottom of the U-tube a short tubo is attached, having a stop¬ 
cock G at its eud. The U-tubo is placed within a wide glass jacket J, 
the bottom of which is closed by a rubber cork through which the short 
tubo just mentioned passes There is a copper tube S, bent in the form 
of an inverted U, passiug through the cork with both ends outside. 

Tho jacket is filled with water so as to keep the bulb immersed. A 
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thermometer T is suspended in the water close to the bulb There 
is also a stirrer placed inside the jacket. Sulphuric acid is contained 
in the lower part of AB while the bulb contains 
some air, the volume of which can be directly read 
from the graduations on the stem attached to the 
bulb. By pouring in more of the liquid through 
the open limb or letting out some through opening 
G, the liquid in both the limbs can always be 
brought to the same level. The pressure of the 
enclosed air in A is then equal to the atmospheric 
pressure at the time. 

At the room temperature t t , as given by the 
thermometer T, sulphurio acid in the U-tube is 
brought to the same level and the volume of air in 
A is noted. Let the volume at the room tempera¬ 
ture be Vi. Steam is now passed through the 
copper tube S which heats water in the jacket. 

To keep uniformity of temperature, water is kept 
constantly stirred. The temperature rises, the air 
expands and forces down the liquid which there¬ 
fore, rises in the other limb. By regulating the 
steam, temperature of water at some higher value 
is maintained constant for some time, during which 



becomes 
Let the 


l ig. 80 

air within the bulb acquires the temperature of hot water. The 

ooclTis opened and some liquid is let out, till tbe level again 
the same in both the limbs. The volume of the air is noted, 
volume bo V 2 and its temperature be t a - 

Then W x — V 0 (l + Ypti) and V a a V 0 (i + Y P t% ) 

v_ 0 . = i +y»t 9 v, - v, 

V, i + y P *i 


• • 


or, 


Vx*.-V,«x“ (33,2) 

thus by knowing V lf V*. and * a , the value of Y P can be calculated. 

For greater accuracy in 
result, the temperature of 
the bath is increased at 
successive steps and the 
corresponding volumes aro 
noted. A graph is then plott¬ 
ed, taking temperature as 
abscissa and the correspond¬ 
ing volumo as the ordinate. 
The graph is found to be a 
straight line. In Fig. 31, 
the straight line such as 
AB represents the relation 
between the volumes of a 
given mass of a gass and 
81 corresponding temperatures. 

The straight line is of course produced much on the negative side of the 



-800 A -200 -100 
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100 200 
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temperature. The volume at 0°G and that at the some other tem- 
temperature t°C are found from the graph and from these Y P can be 
calculated from the eqn. (32,2). 

34. Increase of Pressure at Constant Volume. —If the volume 
of a given mass of a gas is kept constant while it is heated, its pressure 
increases ; for due to a rise of temperature, the gas tends to expand, 
which being prevented, an increase of pressure occurs. It is found 
that pressure increases uniformly with rise of temperature according 
to the following law :— 

The pressure of a given mass of any gas at constant volume increases 
for each degree centigrade rise of temperature by a constant fraction 
of its pressure at 0°C. 

Hence if P 0 be the pressure at 0°C. P/ that at t 0, and Y Vt the 
contanb fraction, the increase in pressure is P a Yvt and so 

P< -P 0 +P 0 V t ,* = Po(l 


when 


V v 


...(34,1) 


P, -Po 
Pc t 

The constant fraction is called the pressure co-efficient of a gas 
and may he defined as the ratio of the increase of pressure of the gas 
at constant volume due to a rise of temperature of 1 C to its pressure 
at 0°G . 

Constant Volume Air Thermometer.—The relation between 





Fig. 32 

somotimos an ivory pointer is fixod. 


the temperature and the pressure 
of a gas at constant volume can be 
studied by an apparatus, known as 
the constant volume air thermo¬ 
meter. It consists of a large glass 
bulb A (Fig. 32) at the end of 
thick-walled capillary tube BCD, 
bent twice at right angles and 
enlarged into a wider tube DE at 
the other end. The tube DE is 
again connected by means of a long 
piece of stout flexible rubber tub¬ 
ing FG to a wide glass tube GH 
open to the atmosphere. The tubes 
DE and GH can be separately 
moved along vertical up-rights on 
each side of wooden stand and can 
be clamped at any position. A 
vertical scale S is fixed on the 
wooden stand. There are three 
levelling screws at the base of the 
stand. At D there is a fine 
mark engraved on the tube or 
At C there is a three-way tap 


through which the bulb A can be exhausted of air and filled with any 




ART. 34 


EXPANSION OP GASES 


353 


-tea.tna uss * - 

tb6 The bulb A U nTPptT mm -£inta Tht 

the tube DB is clamped at any P- is ad j u3 t e d exactly to the 

feubo GH, the level of the m J levels in the two tubes is noted. 

time ' tha 

pressure ti the enclosed sir is obtained ; et it be p„. 

The water bath is now heated «ai.^ " V^hermom^ 

perature is raised to some >8 1 tlame the temperature of the bath 

held in the bath By adjusting the that temperature. 

is kept constant for 9 ° m ® . u then read Let the pressure at higher 

Zn£ZZ e °G b e e T Then the vaiue of the pressure coefficient is 

given by,— 

...(34,2) 


y v 


y- v 

pj x t 


’MJ j */ 

. . • t u u 0 00366. In the laboratory. 

The value of y«. for air is ou usually from room tempera- 

temperature of the enclose ga' pres9Ure 9 are noted. A graph is 

ture in steps and the eorresp fc P corresponding pressure 

plotted taking temperature as abemssa and ^ ght line% (Fig. 31. AC) 

as ordinate. The graph is inereases uniformly xoith temperature. 
which shows that the pressu ■ some convenient 

From the graph the pressure p. at O O; anci^ ^ ^ valuQ of the 

pressurtf co^e'fbcient according to the e.n. (34.2). 

Advantages of a Gas Thermometer. 

-ii hl.ormorneter is much more 

(i) As gases are more expansible. a 8 the effect due to the 

- — 

6X0 (« 'VtZlZrXZTn'oi all gases is practically the « over 

a large range of temperature under the same condition 

a large ra b . • y approximately uniform and 

(*»*) The expansion of all gases is 'ery i 

regular. , nqfif i f or a much wider range 

«») A B as ‘her»“‘er K ^ “ s “ ve ry high 

of temperatures, so as to recoru o y 
temperatures. 

r is bulky and so is not comfortably portable 

thermometer ... , 

(Hi) It is too large to be used in calorimetric work. 

H —23 
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(iw) The instrument cannot be furnished with fixed scales as th& 
atmospheric pressure varies from time to time. 

Examples :— 

1. A uniform vertical glass tube, open at the top and closed at the bottom 
contains air and a pellet of mercury 3-0 cm. long. The lower end of the pellet i» 
30-5 cm. above the bottom of the tube when the tube is at temperature of 5°C. 
How far will the pellet rise if the tube is heated to 100°C ? (Utkal. U.—1952) 

A. Since the volume co-efficient of air is considerably larger than the cubical 
expansion of glass, the latter may be neglected in comparison to the former. Hence 
bore of the glass tube may be assumed not to change with temperature in so far as 
the problem is concerned and so the length of the air column within the glass tube 
at any temperature is proportional to the volume of air at that temperature. Fur¬ 
ther the pressure on the air column is due to the atmospheric pressure and the pellet 
of mercury, and consequently if the inclination of the tube is not changed during 
the course of the experiment, the pressure on the air column remains constant 
whatever might be the inclination of the tube and the length of the mercury 
pellet. 

Let lo be the length of the air column at 0 °C; then volume of air column at 
0 o C' is Iclo, where k is a constant. At 5°C, the volume is k 30• 5. 

Then k 30*5 = kL (1 + -00866 X 5) whence l 9 — 29-89 cm. 

At 100°C, if the length of the column be l cm. 

Then kl — lc 29-85) (1 -00360 X 100) whence l— 40-83 cm. 

2. Ten million cubic feet of gas are supplied to a town per week under a 
pressure of 3 inches of water over the atmospheric pressure at 5 s. per 1000 cubic 
ft. When the barometer reads • 31 inches, gas company can make no profit at all. 
Find the profit per week when the average height of the barometer is 29 inches. 
(Density of mercury = 13-0). 

A. Let v cu. ft. be the increase in volume of 10 X 10 a cu. ft. of gas for the 
decrease of pressure. Then the company can save this v cu. ft. of gas per week. 

O 

The pressure due to 3 inches of water is equal to that of — : — inches of 

13’6 

mercury. From PV = P / V\ 


(» 


i + 


_3_ 

13 6 


) xl ° 7 " * 29+ IF5 )( 10 ’ + ” ) 


Hence the profit made by the company = X 5s. = £171 5s. 


35. Absolute Seale of Temperature.—The volume of a given 
mass of u gas at any temperature can be obtained from Charles' Law 
according to the equation.— 



Thus the volume at — 10°C, is V_ l0 “V 0 fl — Y 

V 373 / 


And the volume at - 273’C. 




Evidently - 273 C. is the lowest temperature that can be indicated. 
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by the gas thermometer. For at this temperature, the volume of any 
gas, obeying Charles’ Law, appears to occupy no space, indeed all 
known gases liquefy and even solidify before this temperature is reached. 
Further, the pressure co-efficient of a gas having also a value ^ 75 , we 
can show from eqn. (34,1) that at - 273°C, a gas would have no pressure. 
The same conclusion may be derived from the volume-temperature (AB) 
and pressure-temperature (AC) graphs (Fig. 3l). Both the straight lines 
when produced to meet the abscissa representing zero volume and zero 
pressure lines, cross at one point A which is — 273°C. We are thus led 
to consider - 273°C. as the lowest temperature conceivable and so it is 
called the absolute zero of the gas thermometer. 

If we now have a scale of temperature starting from the absolute 
zero i e.. from - 273 c C as its zero and having each degree equal to that 
on the Centigrade scale, that scale is called the Absolute Scale of 
Temperature. Temperatures when reckoned on the absolute scale are 
termed absolute temperatures (Degrees absolute). According to this 
scale the molting point of ice (0°C) is 273°A and the boiling point of 
water (100°C.) under normal pressure is 373°A. In general, if t" of the 
centigrade scale corresponds to T' of the absolute scale, then 

T°A - t° C + 273 


i.e., Absolute Scale readings Centigrade reading + 273 

As Kelvin proposed the absolute scale, the temperatures on the 
absolute scale are sometimes termed degrees Kelvin in place of degrees 
absolute; thus 100°C=373 C K. More accurately absolute zero is 
273 18 degrees below centigrade zero. 


30. Charles’ Law and the Law of Pressure expressed in 
Different forms.— From Charles’ Law, if V and V are the volumes of 
a gas at centigrade temperatures t and t , then 


v-v.(i + sm) B “ d v '- v -(i + 



. V 273 +1 T V V 
* ‘ Y " 273 + t' ~ T' ° r T ~ T' 


• • • 


(36.1) 


when T and T' are absolute temperature corresponding to C C, and l'° C, 
respectively. 

V 

Hence ^ *’« constant, when P is constant. 


From this relation Charles’ Law may be stated as follows :— 

The volume of a given mass of gas at constant pressure is directly 
proportional to the absolute temperature of the gas. 


Again from the relation P— P 0 



1 + 



Hence 


P 273 + t T 
P273+ *' "T* 

p 

>p- is constant, when V is constant. 


• • • 


(36,2) 
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In other words, the 'pressure of a given mass of gas at constant 
volume is directly proportional to the absolute temperature of the gas. 

Gas Laws Combined.—A simple general relation can be established 
between the pressure, volume and temperature of a given mass of a gas. 
Let V be the volume of a given mass of a gas at pressure P and absolute 
temperature T. We are to find the volume V' of the same mass at 
pressure P' and absolute temperature T'. First let the pressure change 
from P to P / \ the temperature remaining constant. If the volume there¬ 
by changes to V lt then 

PV 

From Boyle’s Law PV"P Vx or Vi“-pT 


Let the temperature now change from T to T , the pressure remain¬ 
ing constant at P'. If the volume consequently changes from V x to V , 
then from Charles’ law,— 


Thorefore, 



Y PV _ V' 

rji' ° r p'<p ” fjV 

PV PV' 
T T' 


... (36,3) 


Hence *= a constant, say lv or PV = KT ... (36,4) 

Thus, the product of the pressure and the volume of a given mass of a 
gas varies directly us its absolute temperature. 

The eqn. (36,4) is referred to as the gas equation or equation of 
state, for by knowing any two of the three quantities P, V and T, the 
third can be found and the state of the gas can be completely deter¬ 
mined. The value of the constant K depends on the mass of the gas 
taken. If a gramme-molecule of a gas be taken, the value of K is then 
the same for all gases. It ie, then called the universal gas constant 
and is denoted by R. Hence for a gram-molecule, usually called the 
mole , of a gas,— 

PV *= RT ... (36,5) 

If M be the mass of the gas occupying a volume V at pressure P 
and at absolute temperature T, then the volume of a gram-molecule 
of tbe gas, having a molecular weight ?n, under the same conditions of 


temperature and pressure is 


mV 

M 


and consequently, 


p™Y-=RT whence PV --RT = nRT ... (36,6) 

M. m 

when n is the ratio of the mass of the gas under examination to its 
molecular weight. 

As the volume of a gas is affected by the pressure and temperature, 
a gas is always to be referred to a definite temperature and pressure. A 
volume of a gas at 0 C, at a pressure at 760 mm. of mercury is said to 
be at normal temperature and pressure (N. T. P.). 
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To find the value of the gas constant (R).—One litre of hydrogen at 
"N T P. weighs 0-089G gm. Find the value of It considering one gram-molecule 
of' the gas. (Mys. U.-1952 ; R. P. B.-1949) 

Now the volume of 0‘089G gm. of hydrogen at N. T. P. = 1000 c.c. 

2 gm = - 2 ° 00 r— = 22321 c.c. 

. . „ » * s ,,l# ” ” 0*0896 

The normal atmospheric pressure = 76 X 13*6 X 981 

76 X 13-6 X 981 X 22321 = R X 273 
when It = 8-3 X 10 7 ergs per degree °C. 

37. Variation of the Density of a Gas. —Let p be the density and 
V the volume of a mass of a gas at pressure P and absolute tempera- 
ture T ; let p' be the density and V the volume of the same mass of 
the gas at pressure P* and absolute temperature T . 

As the density of a gas at a given pressure and temperature varies 
inversely as its volume, wo have from equation (36.4) 

P -=P-, ...(37,1) 

pT P T 

If the temperature does not change, T — T 

P _£. ... (37,2) 

P P 

Hence the density of a gas at constant temperature varies directly 
as the pressure. 

Again if the pressuro remains constant, P — P. 


From (37,1) 


From (37,1), —■ - or pT = P T 


(37.3) 


Hence the density of a gas at constant pressure varies inversely 
as the absolute temperature. 

*38. Standard Gas Thermometer. — An ideal thermometer is one 
in which equal rise of temperature would bo indicated by graduations of 
its scale by equal increment. This can only he theoretically attained by 
the absolute Thermodynamic Scale as proposed by Lord Kelvin (Art. 11). 
No property of a substance varies exactly uniformly with temperature 
and as a result if any material property he utilised as a thermometric 
substance, then equal changes of magnitude of that property will not 
indicate exactly equal changes of temperature. The nearest approach 
to the Absolute Thermodynamic Scale is obtained by employing the 
volume coefficient or the pressure co-efficient of a real gas as a thermo- 
metrio substance. Hence either a constant pressure or a constant 
volume gas thermometer may be used to indicate a temperature with 
least possible correction. The constant volume thermometer is however 
more preferable as it is easier to adjust and the volume of excess of gas 
within the connecting tube which always remains outside the tempera¬ 
ture-hath is very small and constant. For this reason tho International 
Committee of Weights and Measures decided, in 1887 to adopt as a 
practical standard the centigrade scale of a constant volume hydrogen 
thermometer. 
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Constant Volume Hydrogen Thermometer.—The constant 
volume hydrogen thermometer was originally designed by Cbappuia 
in 1887. Fig 33 represents a hydrogen thermometer of a simpler 
form which consists of a bulb B about 110 cm long and of capacity 
1 litre. The bulb is held horizontally and can be placed at any 
temperature bath. In the original form this bulb was made of 
platinum-iridium to withstand a high temperature and pressure. The 
bulb is connected by a narrow bore to a wider tube C to which it is 
sealed air-tight. A-little ivory pointer projects vertically at the top 
of C. There is another vertical side tube D having communication 
with C at the lower part. A barometer tube E i9 kept above the open 
top of D and this tube is provided with an identical pointer p a near 
its top. The combination of the tubes C aod D together with the 
barometer forms a manometer with which the gas pressure of the bulb 
can be measurod. A mercury reservoir R is connected by air-tight 
pressure tubing to the lo'.vest point of manometer. The barometer 
and the reservoir can be elided up and down a vertical metre scale 
and cau be bxed at any position. The heights of mercury column in G, 
E and R can be accurately read with verniers attached to the main 
scale or with a cathetometer. 



Fig. .'38—Constant Volume Thermometer 
attached. 


The bulb B is kept within a 
temperature bath of melting ice 
for a considerable time so as to 
attain a temperature of 0°C. Then 
tbe reservoir R is raised or low¬ 
ered until the mercury surface in 
C touches the pointer p,. The 
barometer tube is then adjusted 
so that mercury surface in it 
touohes p a . Adjustment more 
than once may be necessary to 
make mercury surfaces in - the 
two tubes exactly touch the 
pointers. When this is done, the 
volume of the enclosed gas be¬ 
comes always constant and the 
pressure exerted by the.gas is the 
mercury level differences in R 
and C plus the barometric pres¬ 
sure. Consequently the pressure 
Po is the differeuce of vertical 
heights of p a and p x% which 
may be determined with refer¬ 
ence to the vertical soale 


ISext 1 tie bulb is kept in the steam of boiling water and when 
tomperature becomes steady the difference of heights of p a and p L 
is found. Thus with proper correction of boiling point, the pressure 
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of tho gas of 100°C is determined. Call this pressure P lfl o- If now 
the bulb is kept at an unknown temperature bath t C. and when 
the temperature becomes steady, if the pressure recorded he P t. then, 


t _ = Pi - P. 

100 PlOO-Po 


whence t = 100 * 



...(38,1) 


Hydrogen is kept within the bulb such that at 0 C, the pressure 
-exerted by it is one metre of mercury. A hydrogen thermometer may 
bo used from — 200'C to 500°C. Above 500°C hydrogen diffuses 
through platinum and attacks glass or porcelain. Between oOO C to 
1500°C nitrogen is used in place of hydrogen. For temperatures oelow 
- 200°C hydrogen is replaced by helium. 

39. Boyle’s Law and Real Gases. — Boyle's law states that the 
temperature remaining constant, the product of the pressure and 
volume of a given mass of a gas is constant, no matter what the 
pressure on the gas might be. During Boyle’s time there was no 
means to exert a largo pressure on a gas and the law could be verified 
only for a moderate range of pressure oyer which pMi was found to be 
very nearly constant. Later on much improved apparatus, capable of 
exerting pressures upto two to three thousand atmospheres, were 
designed. With such apparatus volumes and corresponding pressures of 
gases such as air. hydrogen, nitrogen, and carbon dioxide at a constant 
temperature were recorded by Andrews, Amagat and Regnault. Ibey 
found that at higher pressures, the product of the volume and the 
corresponding pressure of a gas is not constant but the product 
continuously varies as the pressure is changed Hie variation of 
product pv with p depends upon the temperature at which the gas is 
maintained. For each gas there is a certain temperature at which ie 
product pv is very nearly constant. A temperature peculiar to each 
gas for which the Boyles law holds very closely oven for a largo varia¬ 
tion of pressure is called the Boyle temperature for that gas ; lie 
Boyle temperature for hydrogen is 109°K and for nitrogen 3-3 Iv. 
we can make a general conclusion that when pressure on a given mass 
of gas changes greatly at a constant temperature, except the Boyle tem¬ 
perature. the product of the volume and the corresponding pressure of 
the gas is not constant and this phenomenon is called the deviation 


of Boyle's law at high pressures. 

Van tier Waals’ Equation.—The equation PV-hRT holds good 
for a real gas so long as the pressure applied is not high I'or higher 
pressures there is a considerable departure from Boyle s law. 

It is found that considerable range of pressure the following 
equation due to Van dor Waals bolds good. 


(P + v 0 ; ) (V - 6) — nUT. 


...(39.1) 


whore a and b arc constant for a particular gas. 


Examplcb :— 

j \ quantity of gas collected over mercury in a graduated tube is found to 
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occupy 25 c.c. at 27°C. The level of the mercury inside stands 15 cm. ^gher than 
the level outside while the barometer stands at 75 cm. Find tlie volume that 
m as s of the gas would occupy at a pressure of 74-5 cm. of mercury and at 

temperature of 32° C. 

A. The initial pressure of the gas is P = (75 — 15) = 60 cm. of mercury 

Let the required volume be V' c.c. 

P'V' 60 X 25 

—«v— or 


^ PV 

From . — 7 p- 


74 5 X - whence V'= 20-5 c.c. 


27 + 278 32 + 273 

o At 22°C. and at pressure of 74 cm. the volume of a given mass of gas waa 
found to be 54-02 c.c. On cooling to 0°C, the volume became 49-3 c.c., the pressure 
having risen to 75 cm. Find the co-efficient of expansion of the gas. 

A. Let the co-efficient of expansion of the gas be y. 

The volume of the gas at 0°C. and 75 cm. pressure = 49• 3 c.c. 

49-8 X 75 

From Boyle’s law, the volume at 0°C at 74 cm. pressure — ^ 

= 49-97 c.c. 

From Charles’ low, the value at 22°C. and 74 cm. pressure = 49-97 (1 + 22y). 

49-97 (1 + 2-Y) = 54-02 whence Y = 0-00368. 

3. The internal volume of a glass vessel is 1 litre at 0°C. It is filled with 
hydrogen at N. T. P. and is then heated to 27°C. Find the mass of hydrogen that 
would escape, if die flask is now opened under a pressure of 74 cm. (1 litre or 
hydrogen at N. T. P. weighs 0-09 gm.) 

A. Let V litres be the volume that 1 litre of hydrogen at N. T. P. would 
occupy at 27°C and 74 cm. pressure. 


Th.n 70 Xi 

Then — 


74 whence V = 


300 X 76 


litres 


27 + 273 "" ” 273 X 74 

So the volume of hydrogen that escapes = ^ + 73 ^X 74 0 *‘ tres 


At N. T. P. the above volume becomes = — 


2593 

22800 


litres 


2598 


The wt. of hydrogen that escapes = — X 0-09 — 0-0102 gm. 

4 . What is the height of a barometer when a milligramme of air at 27°C. 
occupies a volume of 25 c.c. in a tube over mercury, the mercury standing 70 cm. 
higher inside die tube than outside ? (1 litre of dry air at N. T. P. weighs 
1-293 gm.) 

A. Let the required height of the barometer = h cm. 

The pressure of the air in the tube over mercury = (h — 70) cm. 

.*. Yol. of 1 milligram of air at this pressure and 27°C = 25 c.c. 

Again the volume of 1-293 gm. at N. T. P. = 1000 c.c. 


The volume of 1 milligram of air at N. T. P. = 


1000 


Hence from the relation —- 


PV 


T 


P'v; 

T 


or 


1293 
(h - 70) X 25 


c.c. 


76 X 1000 
273 X 1293 


27 + 278 

whence h — 70 = 2-58 cm. or h — 72-58 cm. 

5. The density of dry air at N. T. P. is 0-001293 gm. per c.c. At what tem¬ 
perature will a litre of dry air weigh 1 gm. at a pressure of 75 cm. ? 
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Let the required temperature be fC. and let , be the density of dry air at 
t°c. at a pressure of 75 cm. 

P P' , 

we have, 

75 X 0-001203 X 273 
7G(t + 273) 


Then from 


pT 


76 


p'T' 

75 

p (t + 273) 


whence p 


0 001293 X 273 

75 X 0 001293 X 273 X lggO _ x w hence t = 75S5°C. 

• • 70 (t + 273) 

*40. Kinetic Theory ^rZ^e^reiy'eZll inTuleTon. 

vast assemblage of molecu es^ h made iraa gi a »ng the 

An idea of smallness of a . molecule mw ^ ^ q{ baUs of equa l 

moleoules to be arranged ^ h * ndred mi ilion molecules could be packed 
size. Jf this were . t # act j n proportion to the volume 

in a length of one centime ^ ^ fae yo [ ume 0CCU pied actually by the 
occupied by a quanti y g . h of space around any molecule 

molecules .. so small thatthere » ^ ^ mole , ules is calle d 

for its free movement. T 1 spaces that the molecules 

the *ni«rmolM«lor end ^ ^JiLt directions. Fig . 34 represents a 

keep on moving co containing a number of mole- 

cubical box havingvails A. B ^ yariou8 directions 

ssf-srs: zz 

“Monies. boweverjuny they ^^ehave -e -- £ 

^=1 T ! s 

containing vessel o . .. { tbe patb of a molecule. A largo 

occurs that there rs a deflectjon^o^^he^p^ the wa „, oI H 

number of knocks tl g continual liai! storm of particles tends to 

containing vessel. t Vhis results in a steady pressure, which is the 
push the wall • T The kinetio energy possessed by the mole- 

pressure exerted .by tb 8 cQntinuoU8 motion manifests itself as the 

culos by virt ®J t ? ! b ®“ g Such an idea regarding the mechanism of gas 

jfressm:e^vvas°advanced by Joule in 1853, which was later on modihcd 

by Maxwell. 

Let us suppose that 
there are N molecules en¬ 
closed in a cubical box. 
the length of each edge 
being o. For simplicity lot 
us assume that all the 
molecules have an equal 
speed c and each one of 
them behaves as a perfect 
ly elastic sphere of mass 

molecules U UremX Urge, we can imagine that at any instant 


/ 

c->41 

Hi 

.t *- 

| 

S’ 

r*. 

J 


V 


/ 

c 

-- A 

il 

ii 

a 

1 

- 1 

| 


/ 


Fig. 34 


Fig. 35 
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one-third of the total number of molecules move perpendicular to the 
pair of faces A, one-third to faces B and one-third to faces C. Take 
the case of a molecule which is moving at right angles to the pair of 
faces BB (Pig. 35) Starting from any wall of the pair, it must travel 
a distance 2a before impinging on the same wall. Hence the time 
taken between any two consecutive hits on the same wall is 2a/c 
and so the number of hits per second on any wall is c/2a. 

Again due to impact on any wall, the velocity of a molecule changes 

from +c to-c. Thus change in velocity is 2c considering the impact 

to be perfectly elastic and the change of momentum of any molecule for 

one impact is 2 me. In unit time the change of momentum for a 
molecule is 


c 

2 a 


x 2mc 


7KC* 

a 


Since we assume that TfN molecules move perpendicular to any 
faces, the rate of change of momentum for such molecules is 


which represents the force on an area a ’. 


pair of 


force 


, N me 8 

;r - sT 


,Nmc 2 

*~v~ 


(40,1) 


have 


P, where P is the deusity of the gas. 


Thus pressure p 

area " a 

whore A’ represents the volume of the chamber 

But Vcc. of the gas contains N molecules, each of mass m. Thus we 
Nm 
V 

or - P-sPc' ... ( 40 , 2 ) 

Boyle's Law and Kinetic Theory of Gases— If the mass of a gas be 
compressed into a smaller volume, while the average kinetic energy of 
the molecules remains unchanged, a larger number of impacts takes 
place per second against the walls of the containing vessel, causing an 
increase of pressure If the volume is increased, the number of impacts 
per second naturally decreases and so the pressure decreases. At 
constant temperature, c 8 remains constant and so from oqu. (40 2 ) 

P P is a constant. But since p varies as l 'V, PV is constant. This is' 
an interpretation of Boyle’s law from the standpoint of kinetic theory, 
if -Vl bo the mass of a gas occupying a volume V at the pressure P,' 
then since p = M \, eqn. (40,2) may be written in the form. 

PV-^Mc* (40,3 ) 

Physical Interpretation the Absolute zero—\i there are N 
molecules, each of mass wi, contained in a volume Y of a gas and if c 8 


be tiieir mean square velocity 
* volume of the gas is £ N 7 iic = *= 


then 

AM c 2 


Kinetic Energy - -}Mc 2 - 3 PV - 2 n RT 


the mean kinetic energy of this 
But from eqns (40,3) 

(40.4) 


absohit« C °t k,DebiC , ° nerg L ° f a given wn89 o{ S“ s is Proportional to the 
absolute temperature. Thus at the absolute zero degree the kinetic 
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energy possessed by the molecules tends to vanish. This may be taken 
as the physical interpretation of the Absolute Zero. 


JOSEPH LOUIS GAY-LUSSAC (1778-1850) 

Gay-Lussac was born on December 6. 1778. at Limousin, in France. 
His father was a judge but during French revolution he was sent to 
prison for some time. Due to such internal troubles in the country 
Joseph was sent to the Polytechnic school at Paris, rather late at the 
age of seventeen. To give monetary relief to his father, he used to earn 
money by teaching lower class boys during day time and attend_ ni h 
classes. In 1798 he came out from the school as an engineer but with 
a strong passion for Chemistry. 

Gay-Lussac then became a research student under Berthollet and 
in a few years he discovered the law of expansion of 8»ses with tempe 
raturo On two occasions ho ascended to altitudes of 13.000 ft. and 
23.000 ft. to study the variation of magnetic fields and temperature. 

He also formulated the theory of temperature variation with altitude. 

In 1809 he was made the Professor of Chemistry at the 1 olytechnic. 

During his researches on Chemistry, he discovered iodine, cyanogen 

and prussic acid. He died on May 9, ]850. 


Summary 

Boyle’s Law— At constant temperature, the volume of a given mass of any 
gas varies inversely as the pressure to which it is subjected. 

Yoc — where t is constant, whence PV = a constant. 

Charles’ Law.— At a constant pressure, the volume of a given mass of any 
gas increases for each degree centigrade rise of temperature by a constant fraction 

( «*7 n) °/ Us volume at 0°C. 

\,= V a (1 +Y,.<) 

Law of Pressure.— The pressure of a given mass of any gas at 
volume increases for each degree centigrade rise of temperature by a constant fraction 

jrressure at 0°C. 

P, = P 0 (1 -f- Y vt) 

Gas Thermometers — A constant pressure as also a constant volume t termo - 
■meter may he used as an instrument for measuring temperatures. 

Absolute Scale of Temperature— The scale in which t . em P c "^“ rc * 
reckoned from the absolute zero, i.c., from - «73°C. ns the zero is kno«n ns 

Absolute Scale of temperature. 

Charles’ Law and the Law of Pressure expressed in different forms. 

If V he the volume of u mass of a gas at pressure P and absolute temperature T. 

Y/T = n constant when P is kept constant. ( Charles’ J.aw). 

p/T = a constant, when V is kept constant. {Law of Pressure). 
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The gas equation (Gas laws combined ). 

— = constant; PV = nRT, when R is called the gas constant. 

T 

In case of real gases Van der "Waals’ Equation holds good viz., 

(p+ ^)(v— 0—HT 


Reference 
Art. 82 


Art. 32 


Art. 38 


Art. 83 


Art. 36 


Art. B6 


Art. 85 


Art. 36 


Art. 36 


Exercises on Chapter IV 


1 . A flask with a capacity of 500 c.c. is heated to 87°C. at 
atmospheric pressure and then corked up. It is then inverted, immersed 
in water at 24°C. and the cork is removed. What weight of water will 
enter the flask if the pressure remains the same as above ? Density of 
water at 24°C = 0*9978. 

A. 87*26 gm. 


2. Calculate the weight of 1000 litres of air at 120 atmospheric 
pressure at 30°C. given a litre weighs 1*3 gm. at 0°C. under 
itmosphere. < Dac ' U — 1940 > 


A. 110-55 kg. 

3. Describe an experiment 
gas at constant pressure. 


to find co-efficient of expansion of a 
(C. U-—1910, ’19; Pat. U.—1932; 

Nag. U.—1951) 


4 Explain how thermal expansion of air can be utilised as a con- 
venielit moans of measuring temperature, mat are the advantages and 
disadvantages of a gas thermometer. (Gau. U. ) 

r. Describe the constant volume air thermometer and explain how 
you will use it to find the temperature. (P. U.—1951 ; E. P. V —1952 ; 

R P R.—1944, ’10; Pat. U.—1923 ; Cf. Del. H. S.—1949) 


6 . Describe a form of an air thermometer and explain how this 

could be used t<»- determine the melting point of napthnleue. Why 
have gas thennometres be chosen as standards ? (It. P. B. 1941) 

7 . The pressure in the bulb of a constant volume air themoraeter 

is 74 cm. at 0°C, 101-2 cm. at 100°C and 52-8 cm. when the bulb is 
surrounded bv solid carbon dioxide. Calculate the temperature of solid 
carbon dioxide. < Dcl - H - S.—1949) 

A. — 77-9 = C. 

8 . What is meant by Absolute temperature ? Find the value of 

Absolute zero on the Fahrenheit Seale. 

(Gau. U-—1951 ; C. U.—1938, ’49) 


A. — 459-4°F. 

0. Establish PV — RT for a perfect gas. (E. P. U.—1953 ; 

R. p. B.—1045, '49; C. U.—1950 ; U. P. B.—1951, ’53 ; My*. U.—1952; 

Nag. U.—1952, ’53) 


10 . Calculate the value of the constant for carbon dioxide given 
that 22-4 litres of the gas at N. T. P. weighs 44 gm. 

(U. P. B.—1947; R. P. B.—1945) 

A. 8*32 X ergs/degree. 
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a e ot 1S°C has its temperature raised, so that its volume 

is doubled, The pressure remaining constant. ’What u"—m“)’ 

perature ? 

A. 299°C. 

12 A bicycle is standing in shade where the temperature is 

80'F. It is then taken out into the sun "here the 

1,0-F. Find the percentage increase ot pressure within the t,re. 

ts a” litre ot hydrogen at N. T. P. weighs 0-0 gm. What is the 
weight"of a litre of this gas at 27‘C and 70 cm. pn*^, 

ti OneTitre of air at N. T. P. weighs 1-203 gm^ Find the value 
of n for air. (g = 080 cm./sec.'; density of mereurj - 13 p c > u _ 1!m) 

A. 8-0SX10 7 crgs/°C. T , 

i r A vessel of capacity 2100 litres contains gas at N. 1. 1- Ane 
. .i , ar t °C but there is being a slight leak, the pressure 

be taken as unchanged. 

A. 108 gm. 

10. The measurement of a room is 10 ft.X.30 X ^ calculate 

or -r> o'f "ah 

room, the pressure remaining constant. * 

17 A barometer tube containing a little air at 27°C. is fixed 
inverted over dcTp cistern of mercury. The height of the mercury 
column in the tube is 01 cm. from the mercury surface m the cistern, 
while the barometer reads 70 cm. Find by how much the level of 
mercury in the cistern must be raised, so that the position o the 
mercury meniscus in the tube may remain the same when the temp, 
of the closed air is raised to 87°C. 

A. 3 cm. 

18. A corked bottle contains air under a pressure of 770 mm. of 
mercury at a temperature of 20°C. It stands near a fire and the tem¬ 
perature rises to 200®C. If the area of the cork exposed to the air in 
the bottle be 9 sq. cm. what will be the force on the cork urging it out ? 
(g — 080 cm. per sec.* density of mercurry — 13-0). 

A. Force = pressure X area-= 1*49 X 10 T dynes. 

19 Given that the universal gas constant R = 8-315X 10 T ergs 
„cr gramme-molecule per centigrade degree calculate the volume 
occupied by 0 gm. of oxygen at-30°C and 90 cm. Find also the 
molecular weight of a gas 00 gm. of which occupy a volume of 10 

litres ut 200 °C. and 30 cm. 

A. 8150 c.c.; 491. 

20 Calculate the change in volume during expansion of 1 gm. 
of hydrogen when heated from 25°C to 20°C. against the atmospheric 


eference 
Art. 86 


Art. 36 


Art. 36 


Art. 36 


Art. 36 


Art. 86 


Art. 86 


Art. 89 


Art. 86 


Art. 86 
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Reference 

Art. 86 

Art. 86 

Art. 36 

Art. 86 

Art. 86 

Art. 37 

Art. 87 

Art. 37 


Art, 38 

Art. 40 
Art, 40 


pressure of 1 million dynes per cm* Given gas constant R = 8-3 X 10 T 
ergs./gm. molecule/degree centigrade. (R. P. B.—1951) 

A. 318 c.c. 

21. A cylinder contains 6 cu. ft. of gas at a pressure of 15 lb. wt. 
per sq. in. and 20°C. The amount of the gas in the cylinder is kept con¬ 
stant and the pressure is changed to 150 lbs. wt. per sq. in. "What 
should be the temperature of the gas if the volume is found to be 
2-5 cu. ft. ? 

A. 947*8°C. 

22. A vessel contains 1000 litres of a gas at 0°C and at 740 mm. 
p-essure. Find the pressure of the gas when temperature rises to 27°C. 

(U. P. B.—1953) 

A. S13-2 mm. 

23. 20 c.c. of hydrogen are at pressure equal to the pressure at 
50 cm. below the surface of water exposed to the atmosphere when the 
barometer reads 75 cm. The temperature of the hydrogen is 27°C.; 
what would be the volume of the hydrogen under N. T. P. ? (density 
of mercury = 13*6). 

A. 18-84 c.c. 

24. A litre of air at 10°C. is heated until both volume and pressure 
are doubled. What is the temperature then ? 

A. 859°C. (C. U.—1947) 

25. A litre of oxygen at N. T. P. weighs 1-429 gm.; find the mass 
of 10 1 itres of oxygen at — 35°C. and 77 cm. pressure. 

A. 1(5-50 gm. 

20. Prove that for a perfect gas the volume and the pressure co¬ 
efficient arc equal. (Nag. U. —1953; R. P. B.—1949; U. P. B.—1947; 

Del. U.—1952) 

27. Compare the density of air at 10°C and 750 mm. pressure -with 
its density at 15°C and 700 mm. pressure. 

A. 5400: 5377. 

28. On a certain day the barometer reads 70 cm. and the tem¬ 
perature is 10 e C. On being taken to the bottom of a mine shaft, where 
the temperature is 27 C C. the barometer reading increases by 4 cm. 
Find the ratio of the density of the air at the bottom of the shaft to 
that of air on the ground level. 

A. 0-993: 1. 

29. Describe the stundurd constant volume hydrogen thermometer. 

Explain how it may be used to measure temperatures. Mention the 
advantages of a permanent gas over mercury as a thermometric 
substance. (R. P. B.—1952) 

30. Write a note on behaviour of vapour townrds Boyle’s law 

anti Charles’ law of gases. (Raj. TJ.—1953) 

31. IIow do you account for the pressure of a gas in a closed 

space and on what factors does it depend ? (Pat. U.—1932) 

32. Write short notes on the molecular motion in gases. 

(C. U.—1949) 
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41. Quantity of Heat: Unit of Heat. —It has already been 
stated the heat is a form of energy and as such it is a measurable quan¬ 
tity. Thus when a body is heated, it 
gains heat from the heater and when 
cooled it parte with heat to the neigh¬ 
bouring bodies. Again a given mass 
of a substance requires a certain 
quantity of heat for a certain rise of 
temperature. If the mass taken is 
twice, the quantity of heat required 
for the same rise of temperature is 
also twice ; hero two quantities of 
heat are added. Hence quantities of 
heat obey arithmetical laws of addi¬ 
tion and subtraction. 

Calorimetry deals with the mea¬ 
surement of quantities of heat. The -- _. . 

such measurement is known as a calorimeter. It is a cylindrical vessel 
C usually made of copper and provided with a stirrer S of the same 
material. Fig. 3G represents two calorimeters of different sizes. 


Fig. 8G—Calorimeters 

vessel which is largely used in 

_ ^ ^ * 


The unit of beat is taken to bo the quantity of heat required, to raise 
one gramme of pure water through 1 C This unit is called the calorie 
or sometimes gramme degree calorie. 


It is found experimentally that the quantity of heat required to raise one 
gramme of water through 1°C. is not exactly the same ull over the scale of tem¬ 
perature. It decreases from 0°C. to a minimum value of about 10°C. and then 
increases again. As the variation over the range 0°C to 100°C,is extremely small, 
the difference need not be taken into consideration unless a great accuracy is 

required. 

Although a calorie is the unit most commonly used, other units are 
sometimes employed. The Continental Engineers’ Unit is the heat 
required to raise 1 kgm. of water through 1°C which is termed the 
kilogram calorie The British Thermal Unit (B. Th. U ) is the quantity 
of heat required to raise 1 lb. of water through 1°F. Tho Therm is a 
special unit used by the gas companies and is the heat required to raise 
1000 lb. of water through 100°F. and is so equal to 100,000 B.Th. Units. 
The heat required to raise 1 lb. of water through l^C. is also used as a 
unit in Great Britain and is known as the Centigrade unit (lb. deg. C.). 

The quantity of heat required to raise m gm. of wator through 4°C. 
is, therefore, mt calories. Conversely, mt calories of boat are given out 
when m gm. of water cool through TC. 
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Since 1 lb. **453 6 gm. and 1°F. of l c C. 

1 B. Th. U. = (453'6 * -f) calories - 252 calories. 

1 pound degree Centigrade — 1‘8 B. Th. U. “ 453 6 calories. 

Principle of Measurement of Heat.—If two bodies at different 
temperatures be mixed, there will be a sharing of the heat possessed by 
the bodies until they attain a common temperature. The heat given out 
by one body during the period of its cooling is taken up by the other 
body during the same period in reaching the common temperature, if 
it is assumed that no heat is received from or given to any body out¬ 
side the system and if there be no chemical action in the mixture, we 

may put,— 

Heat lost-Heat gained 

42. Specific Heat.— It is found that equal masses of fc he same 
substance require the same quantity of heat to be heated through the 
same range of temperature. Conversely, it is also true that equal masses 
of the same substance give out the same quantity of beat when cooled 
through the same range of temperature. But equal masses of different 
substance take in (or give out) different quantities of heat when heated 
(or cooled) through the same range of temperature. This can be shown 

by a simple experiment. 

Take a number of small balls of different materials, say lead, tin, 

copper and iron and all of the same mass. Heat them to the same 

temperature either in steam or in any 
suitable bath. Remove the balls quickly 
by means of strings attached to them 
and place them simultaneously on a 
thick cake of paraffin wax (Fig. 37). 
Observe that each ball melts different 
Fig. "7 amount of the wax and may conse¬ 

quently sink to different extent into the cake. It is clear that 
different balls, although of the same mass, give out different quantities 
of heat in cooling through the same range of temperature, namely, from 
the temperature of the bath to that at which wax melts. 

The above fact is due to a difference in some specific property of 
the materials of the balls and is expressed by saying that different 
materials possess different specific heats. 

The specific heat of a substance is the ratio of the quantity of 
heat required to raise a given mass of the substance through any range of 
temperature to the quantity of heat required to raise an equal mass 
of water through the same range of temperature. 

Let s be the specific heat of a substance of mass m gm. Then, 

Heat reqd^_to raise m gm. of th e subs tance 1°0. 
s = Heat required to raise m gm. of water l'C. 

Heat reqd. to raise 1 gm. of the su b stance 1°Q . 

Heat required to raise 1 gm. of water 1°0. 



ART. 42 


CALORIMETRY 


36S 


Heat reqd. to raise 1 gm, of the substance 1C. 

D 1 calorie 

Hence we can also state that the specific heat of a substance is equal 
to the number of units of heat required to raise 1 gm. of the substance 

through 1°C. 

Thus, by the statement that the specific heat of copper is 0 1, we 
mean that the heat required to raise 1 gm. of copper through any range 
of temperature is T \,th of the quantity of heat required to raise 1 gm. ot 
water through the same range of temperature ; in other words, the heat 
required to raise 1 gm off copper through 1 C. is one-tenth of a calorie. 
As the specific beat is taken as a ratio, it is a mere number and is 
independent of the unit of heat chosen. However, the specific heat 
is sometimes expressed in calories per gm per degree centigrade. 

From the definition of specific heat, 

heat required to raise m gm. of a substance through t C. 

— 3 x heat required to raise m gm. of water through t C. 

= s x mb calories — mst calories. 

Conversely, heat given out by m gm. of the substance in cooling 
through t°C-mst calories. Similarly, the heat reqd. to raise m lb. 
of the substance through t°F. - mst B. Th. U. Also the heat given out 
by m lb. of the substance in cooling through t r mst 13. in. U. 


Heat taken in or given out. 

- Mass * Sp. ht. * Difference of Temperatures. 

43 Thermal Capacity.—The thermal capacity or the capacity 
of heat of a body is the quantity of heat required to raise the tem¬ 
perature of the body through 1°C. 

Let the mass of a body “ m 

the ep. ht. of the material of the body c “ s 

Then thermal crpacity of the body per 1 C =* ms calories. 

Hence the Specific Heat of a substance is sometimes defined as its 
Thermal capacity per unit mass and is referred to as the specific thermal 

capacity of the substance. 

Farther, the thermal capacity per unit volume is the amount of heat 
required to raise unit volume of the substance through 1 C. and is, 
therefore, equal to the product of the density and the specific boat. 

The water equivalent of a body is the quantity of water in 
grammes which would be raised through 1°C. by the amount of boat 
required to raise the body through 1°C. 

Let the mass of the body “ m £ m * 

and the sp. ht. of the material of the body ^ “ 5 . 

Then beat rogd. to raise the temp, of the body 1 C “ ms calories 

This quantity of heat will raise the temperature of ms gm. of water 
through m 

. . The water equivalent of the body ” ms gm. 


H—24 
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Hence the numerical portion of the expression for the thermal 
capacity and the water equivalent of a body is the same. 

Thus, for a body of mass 100 gm. and made of copper (s°0l) 
the water equivalent “ 100 * 0 1 = 10 gm. 

and the thermal capacity “ 100 * 0 1 ** 10 calories. 

44. Regnault’s Calorimeter. —In experiments on measurement 
of heat, a hot and a cold body at known temperatures are very often 
mixed together in a calorimeter and when the exchange of heat is 
complete, the resulting temperature is found. For this purpose an 
apparatus, originally designed by Regnaulfc, is very useful. It consists 



Fig. 88 


Fig. 39 


of a calorimeter 0 placed on a non-conducting support inside a larger 
wooden vessel (Fig. 38). The calorimeter is provided with a stirrer R 
with which any liquid within it may be well stirred. A thermometer T 
bxed with a stand can be lowered into the calorimeter to read the 
temperature of its contents. The calorimeter can be covered with a 
suitable lid D with a slit for the insertion of thermometer and stirrer. 
The object of placing the calorimeter in an all round closed chamber is 
to prevent as much as possible the loss of heat from it. 

A sliding gate P stands as a partition wall between the calorimeter 
and the steam-heater S. Whenever necessary, the gate may be elided 
up and the chamber containing the calorimeter may be brought below 
the stand just under the steam heater. 

Steam Heater.—Tho steam heater S is a mechanism in which a 
small body may be heated by steam not by direct contact. It is 
represented in section in Fig. 39. It consists of two co-axial hollow 
metal cylinders A, B, usually of copper, the air space between them 
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being closed at both the ends. TwoVace"" A "boiler 6 coining 

the outlet, are connected to the annul p ■ the top. 

water is connected with the space between the two cylinders 

On heating, steam passes thro g “P bottom The inner cylinder 

and escapes through tbe outlet p.pe at q at the 

is closed by a cork at the top Y heater by a thread 

bottom. The body 0 ‘thermometer f is inserted 

through ^another hol^w^th^Us bulb Cose to the solid, The sohd ,s 
thus indirectly ^ ^ Equivalent of a Calorimeter.- 

45. Determination of the waier q Weigh the calorimeter 

Take a clean, dry more than half with cold water 

with the stirrer. Fill the calori q the tw0 weights gives the 

and weigh again ; the different; tur0 of the water by putting a 

mass of water taken. Note or i,netor with its contents on non- 

thermometer into it. Place th thermometer being held 

hfghly m poHahed Ind To Intervening space packed with cotton wool. 

Note the temperature of 1 ixturo we ll and note final tempe- 

of it into the ca^rimetor Stir ^ fchen weigh it again with its 

"Tuts A The diffe°"Ietween this and the second weight gives 

the mass of hot water added. , 

Let water equivalent of the calorimeter ( + stirrer) 

mass of cold water taken 

initial temperature of water and calorimeter 
temperature of the l.ot water added 
final temperature of the mixture 

mass of hot w ater added " e ~ _ A 

Heat lost by m gm. of water in cooling from i. C to (C-mlhJ 

Heat gained by « gm. of water in rising from ^ato t JC. 

Heat gained by calorimeter and stirrer in oal . 

Assuming that no heat is exchanged with any outside body 

Heat lost- Heat gained 
m' (t 8 -t)-m{t-ti) + WU~«i) 

W(i - t L ) - rn (t s ~ t)- rn{t - h) 

m A 


W gm. 
77i gm. 

t x ° C. 
t.: C. 
■i°C. 

m gro 


TTT t _ 

W - m -—r 


t -1 


m 


or 
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whence W can be calculated. The result oan be verified from the 
relation, W — M.s., where M is the mass of calorimeter and s is the 
specific heat of the material of the calorimeter. 

Examples :— 

1. A calorimeLer contains 30 gm. of water at 28°C. A mass of water at 57°C. 
is poured into the calorimeter and the contents are well stirred after which the 
resulting temperature is found to be 43°C. The mass of the water added is found 
to he 44 gm. Find the water-equivalent of the calorimeter. 

A. Let the water equivalent of the calorimeter be W gm. 

Ileat lost by hot water = 44 X (57 — 43) calories. 

Heat taken by calorimeter -f- water in it = (W -f- 30) X (43 — 28) calories- 
44 X (57 — 43) = (W + 30) (43 — 28) whence W = 11-07 gm. 

2. A Dewar flask is filled about three-quarters full of water at a high tem¬ 

perature. The water is rolled about the flask until a uniform temperature of 95°C 
is attained. The hot water is emptied away and 50 gm. of cold water at 15°C. are 
poured in. After shaking the resulting temperature is observed to be 31 °C. Calculate 
the water equinulent of the flask. (Gau. U.—1952) 

A. A Dewar flask is a contrivance wherein either a hot or a cold substance can 
be preserved without any apprieiable loss or gain of heat from surrounding atmos¬ 
phere (Art. 114). The object of rolling hot water inside the flask is to raise to tem¬ 
perature. "When hot water is thrown away, the temperature of the flask is found 
to be 95‘C, which is thus its initial high temperature when empty. If W be the 
water equivalent of the dask, then the heat lost by the flask = W (95 31) cals. 

Again, heat gained by 50 gm. of cold water in rising from 15°C to 31°C = 50 
X (31 — 15) a.ls. 

whence W = 12-5 gm. 

In determining thermal capacity of a body, the body need not 
bo weighed but it is simply heated to a known high temperature and 
then dropped into a calorimeter containing a known mass of water. 

3. A piece of lend at 99°C. is placed in a calorimeter containing 200 gm. of 
water at 15°C. The temperature after stirring is 21 e C. The calorimeter weighs 
40 gm. and is made of a material of specific heat 0-1. Calculate the thermal capacity 
of the piece of lead. 

A. Let the required thermal capacity of the piece of lead be W calories. 

Heat lost by lead in cooling from 99 C C. to 21 C C. = AY (99 — 21) cal. 

Heat gained by the calorimeter = 40X0-1 X (21 — 15) cal. 

Heat gained by the water in the calorimeter = 200 X (21 — 15) calories. 

W X (09 —21) = (200 + 4) X (21 —15) whence AY = 15-7 colories nearly. 

4. The densities of two substance are as 2 : 3, and their specific heat are 0-12 
and 0-09 respectively. Compare the thermal capacities per unit volume. 

(C. U.—1922 34) 

A. Let densities of two substances respectively = 2p and 8p 

Then mass per unit volume of the first substance = 2p gin. 

And mass per unit volume of the second substance =3p gin. 
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Hence thermal capacity per unit vol.- of the first substance — 2p x 0 12 cal. 

And thermal capacity per unit vol. of second substance = 8p x 0 09 cal. 

Thermal capacity per unit vol. of the first substance _ 

* * Thermal capacity per unit vol. of the second substance 

2<>x 0 12 _ 8 
“i5p x 009 D 9 

46. Determination of the Specific Heat of a Solid. — By the 
Method of Mixture .—Take a clean, dry calorimeter and weigh it with 
a stirrer of the 6ame material. Pour a suitable quantity of water into 
the calorimeter and weigh it again ; the difference between these 
two weights gives the mass of water taken. Note the temperature of 

the water. . 

Take a suitable piece of the soild whose specific heat is to be 

determined and weigh it. Heat the soild in a steam heater. Note 

the temperature of the inside space of the steam heater when it has 

become steady. Then bring the calorimeter under the heater, move 

away the shutter D, quickly drop the solid into the calorimeter and 

immediately remove the calorimeter. Stir the water well and note the 

final temperature of the contents of the calorimeter. 


Let mass of the calorimeter and stirrer “ W gm. 

sp. ht. of the material of the calorimeter “ s' 

mass of water taken “ m 

initial temperature of water and ca lorimeter — C 

mass of solid “ Un¬ 
steady temperature ol the solid in this heater •= t C. 

final temperature of the mixture “ *a C 

The required specific heat of the solid “ s. 


Heat lost by the solid in cooling from t C. to £ a C. 

“ Ms(i - t % ) calories. 

Heat gained by calorimeter, stirrer and water in rising from <i°C. 
to Ws' (t,-ti) + m(t a -t t ) calories. 

Assuming that no heat was exchanged with any body outside. 

Heat lost ~ Heat gained 

Ms *•)" W* U« - Ci) +rn(t a -t x ) 

whencee s can be calulated. 

Sources of Errors and Precautions :— 

(1) Some heat is lost by the solid in being transferred from the heater to the 
calorimeter which makes the observed specific heat too low. This is minimised by 
dropping the hot solid directly into the calorimeter by bringing the latter under tho 
heater. 

(2) Some heat pusses by conduction and radiation from the calorimeter to 
surrounding media when the former is at higher tempernture than the latter. This 
will make the observed specific heat too low and can be minimised in the following 

way : — 
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(») The calorimeter is placed on non-conducting supports inside a deeper vessel 
the intervening space being sometimes packed with cotton-wool or some other bad 
conducting material, so that loss of heat by conduction is made very little. 

(ii) The outer surface of the calorimeter and the inner surface of the outer 
vessel are polished, which minimises loss of heat by radiation. 

The water in the calorimeter previously cooled as much below the room tem¬ 
perature as the final temperature is above it. By this means the average tempera¬ 
ture of the calorimeter and its contents is nearly the same as the room temperature, 
so that the gain of heat by the calorimeter and its contents from outside due to 
radiation during the first half of the experiment is practically compensated by the 
loss during the second half. This is known as Rumford's compensation method. 
A detailed process of correcting for radiation is given in Intermediate Practical 
Physics (All India Edition) by J. Chatterjee. 

(8) The changes of temperature should be very accurately and carefully 
determined by a very sensitive thermometer. 

(4) In the case of a badly conducting solid, it should be broken into small 
fragments, so that the different pieces will be raised to the same temperature 
throughout the mass. 

Examples :— 

1. A body of mass 100 gin. at 120°C. is plunged into 300 gm. of water at 
2() C C. contained in a copper calorimeter of mass 50 gm. The final temperature 
attained is 30°C. Find the specific heat of the material of the body. (Sp. lit. of 
copper = 0-09). 

A. Let the required specific heat be s. 

Ilcat Inst bv the hot body in cooling from 120 6 C. to 30°C. 

= 100 X s X (120 — 30) cal. 

Heat gained bv calorimeter -}- water in warming from 20°C. to S0°C. 

= [50 X 0-09 + 300] (30 — 20) cal. 

Since Ilcat lost = Heat gained 

o r 9000s = 3045 whence * = -34 

2. Equal volume of mercury and glass have the same capacity for heat. 
Calculate the specific heat of a piece of gloss of specific gravity 2-5, if the specific 
heal of mercury is -033 and its specific gravity 13-6. 

A. I.ct the sp. lit. of glass be .? and the vol. of glass piece be V c.c. 

Muss of the glass piece =2-5 V gm. 

Also mass of mercury taken =13-0 V gm. 

Hence capacity for heat of V c.c. of glass = 2-5 V X 

Also capacity for heat of V c.c. of mercury = 13-0 V X ’033 

.". 2-5 V X * = 13-OV X *033 whence s = 0-18 

47. Determination of the Specific Heat of a liqnid.— (By the 
method of Mixture). —Take a clean, dry calorimeter and weigh it 
togethor with a stirrer of the same material. Take some of the given 
liquid in the calorimeter and weigh again. The difference between 
these two woights gives the mass of the liquid taken. Note the tem¬ 
perature of the liquid and the calorimeter. 

Take a piece of a solid of known specific beat and weigh it ; the 
solid must ho insoluble and chomically unaffected by the given liquid. 
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Heat the solid in a steam heater to a steady high temperature and 
note the temperature. Bring the calorimeter with the liquid under the 
heater, drop the solid into liquid and quickly remove the calorimeter 
Stir the liquid well and note the final temperature of the contents ot 

the calorimeter. 


= Wgm. 

~ m gm. 

° M gm. 
= s 9 

= <°C. 

= < a °c. 

° s 


’C. 


in warming 


Let the mass of the calorimeter and stirrer 

specific heat of the material of the calorimeter 
mass of the liquid taken 

initial temperature of the liquid and calorimeter 
mass of the solid 

specific heat of the material of the solid 

steady temperature of solid in the steam heater 

final temp, of the contents of the calorimeter 

the required specific heat of the liquid 

The heat lost by the solid in cooling Jrom t°C to t » 

— Ms* U “ <*) calories 

Heat gained by calorimeter, stirrer and the liquid 
(roml’C .to»/C.-'W..O.-*,) + «*(t,-*i)c.lone. : 

Assuming that no heat is exchanged with any outside body, 

Heat lost - Heat gained 

Ms# (t - - W,i U, - U) + ms (<. - 

or ms (t 9 - t x ) - Ms# U - *#) - W», U. " U) 

Whence s can bo calculated. 

Tn the case of a liquid which has no chemical action with water the 
hea t may ho determined by boating a quantity of it and then 
specific heat m J a8B Q f wa ter in a calorimeter. If there be a 

pouring i 1 between the liquid and water, the hot liquid may bo 
chemica thin-walled metallic vessel (preferably of a good 

conductor) of known water equivalent, placed in a known quantity of 
water conta.ned^in a “^"”«‘° I r iquidi 6uch alcohol, a quantity of the 

,• -a Z he enclosed in a thin-walled vessel of a good conductor, the 
vessel ^almost filled with the liquid and through the cprk a thermo- 
mete) is introduced. The vessel with its contents is heated to a known 
temperature and then transferred into water contained in a calorimeter. 
The P vessel itself may be used as a stirrer and the final temperature is 
Given by the thermometer. Then proceeding as usual, the speoiho heat 
of the liquid is obtained. The specific heat may also be conveniently 
determined by previously cooling the liquid to known low temperature 
and then dropping a piece of a heated solid of given mass and specific 

heat directly into it. 

Examples :— . 

1 . 200 gm. of water at 08°C. arc mixed with 200 c.c. of milk of density 1 *03 

at 30°C. contained in a brass vessel of thermal capacity equal to that of 8 gm. 
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of water ; the temperature of the mixture is 64°C. Assuming that there is no loss 
of heat by radiation ,find the specific heat of milk. 


A. Let the required specific heat of milk = s 


Mass of the milk taken 
Heat lost by water 
Heat gained by milk 
Heat gained by the brass vessel 


= 200 X 1-03 gm. 

= 200 X (98 — 64) cal. 

= 200 X 1 03 X (64 — 30) 
= S X (64 — 30) cal. 


200 X (98 — 64) = (8 + 200 X 1 -03s) (64 — 30) 


or 200 — 8 -f- 206s whence s = 0 • 93. 


X s caL 


2. The specific gravity of a certain liquid is 0-8, that of another liquid is 0-5. 
It is found that the heat capacity of 3 litres of the first is the same as that of <£ 
litres of the second. Compare their specific heats. (Pot. U.—1926) 

A. Let the specific heats of the two liquids = s, and s z respectively. 

Muss of 3 iltres of the first liquid = 3000 X 0-8 = 2400 gm. 

Mass of 2 litres of the second liquid = 2000 X 0-5 = 1000 gm. 

Heat capacity of the first liquid is given by Hi = 2400 X Si. 

Heat capacity of the second liquid is given by H 2 = 1000, X *. 

As Hi —II a we have 2400* = 1000*, whence * : * = 5 : 12 


4S. Determination of the Specific Heat of a Liquid.— 
{By the method of Cooling ) — If a gfven mass of liquid, heated to a 
known temperature, is kept in a certain vessel and allowed to cool 
m a enclosure at a lower temperature than the liquid, the rate of loss 
of heat is found to depend on (*') the temperature of the liquid («) the 
temperature of the enclosure, and {Hi) tho nature and extent of the 
surface of containing vessel. 

The rate of loss of heat does not, therefore, depend on the nature of 

the liquido. Hence if allowed to cool in such a way that the above 

conditions do exactly hold good in each case, different liquids will lose 

heat at the same rate. This principle is applied in the method of 
cooling. 

Take a copper calorimeter, blackened on the outside, with a stirrer 
of the same material and weigh the combination. Fill the calorimeter 
about two thirds with hot water at a temperature of 25* to 30° higher 
than the room temperature. Place the calorimeter on non-conducting 
supports inside a large copper vessel blackened on the inside. The outer 
vessel may bo covered with a lid with small holes to introduce thermo¬ 
meter and the stirrer. Start a stop watch and stir the water gently 
and note the temperatures at intervals of one minute for about 20 
minute-.. Then weigh the calorimeter with its contents, when cool ; 
the difference between this weight and that of the empty calorimeter 
with stirrer gives the mass of water taken. 
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Now throw away the water from the calorimeter. Heat a suitable 
quantity of the given liquid in another vessel to about the same 
temperature as the water previously taken and fill the calorimeter w^h 

the hot liquid upto the same level as before, the calor, “ eter „) , el S 
Dlaced as before. Stir gently and note the temperatures at internals of 
P one minute for almost® an equal range. Then weigh the calonmeter 
and its contents. The difference between this weight and that of 
empty calorimeter with stirrer gives the mass of the liquid taken. 
From these data draw on a graph paper tume-temperature curves 
for the two liquids and thence find the times taken by the water an 
the liquid to cool through an equal range of temperature. 


— m gm. 

-M x 

— t L sec. 

■= M. gm. 

■= 1 2 sec. 

— s 

” m (Oj. - 0 9 ) 


Let the mass of water taken 

water equivalant of the calorimeter 
time taken by water to cool from to C 
mass of liauid taken 

time taken by the liquid to cool from to 0* 

specific heat of the liquid 

Heat lost by water in cooling during sec 

, . . ( m + Mi)(0 t -0 a ) 

/. Rate of loss of heat of water and calorimeter- ^ 

Again heat lost by the liquid in time i. «c. = 

/. Rate of loss of heat of liquid and calorimeter- - ^ 

Hence from the principle given above. 

( m + M»)(0 1 - _ (Mi .* M t X0i ~ O 

tx u 

( 771 + Ml )$« _ M 1_ 

M 


when 




Lxnmplc . vo l umc of alcohol (relative density = 0-8) are 

, 1 ; 50 ^ ft*,,r ' the other in the same calorimeter. They are found to cool from 

*C to°«'C in two minutes and one minute respectively. Find the specific, heat 
of alcohol. The water equivalent of calorimeter is 2 gm. ( • • 

A Heat lost by 50 gm. of water within a calorimeter of water equivalent 
2 gin. in cooling from 00°C to 55°C in two minutes 
= (50 + 2) (00 —55) = 200 calories. 


Rale of loss of heat from water and calorimeter = 


200 13 . 

Iso —« - aijKC 


Again 50 gn>. of water occupies a volume of 60 a.c. Therefore volumc of 
dcolmf taken is 60 c.c. and its moss is 50 X 0-8 = 40 gm. Let the sp. ht. of 

“ IC °"rt:r,,; s t by 40 gm. of alcohol and the same calorimeter in cooling through the 

same range in one minute 

— ( 40 , -f. 2) (00 — 55) = 2005 + 10 calories. 
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Rate of loss of heat from alcohol and calorimeter = -~°^-±- 10 cal./sec. 

60 


Now, according to the law of cooling, 
200.? -f 10 IS 
' 00 " “fl 


— _- W 


hence * = 0-6 


The following Table supplies the specific heats of commfcm substances. 


Specific Heats of Common Substances 


Substance 

Sp.Ht. 

Brass 

088 

Copper 

•094 

Iron 

*119 

Lead 

081 

Silver 

055 


i 


Substance 

Sp.Ht. 

Gold 

•08 

Glass 

•16 

Marble 

*22 

Turpentine 

*4 2 

Olive Oil 

•47 


Substance 

Sp.Ht. 

Mercury 

04 

Ice 

•5 

Mustard oil 

*50 

Castor oil 

•4 4 

Bromine 

•51 


49. Specific Heats of Gases.—The specific heat of a gas 
depends on whether the quantity of the gas is heated at constant 
volume or at constant pressure. Gases have, therefore two specific 


The specific heat of a gas at constant volume (Co) is the number 
of units of heat required to raise the temperatue of 1 gm. of the gas 
through 1C, the volume being kept constant. The specific heat of a 
gas at constant pressure (C„) is the number of units of heat required to 
raise 1 gm. of the gas through 1°C, the pressure being kept constant. 

The specific heat of a gas at constant presure (C P ) is always 
greater than the specific heat of a gas at constant volume (Co). For if 
unit mass, say 1 gm. of the gas is heated through 1°C, at a constant 
volume, a quantity of heat is required for the purpose. But if the 
mass is heated through 1°C. at constant pressure then in addition to 
the heat required to raise the temperature 1°C, some amount of heat 
must bo necessary to supply the energy for the work done during 
expansion against the external pressure. The ratio of C„ to Co in case 
of diatomic gases, e g., nitrogen, hydrogen, etc., is 141 and for mona- 
tomic gases it is about 1*6. 


Determination of the Specific heat of a Gas at Constant 
ressure (Beynault's method)-The specific heat of various gases 
at constant pressure was determined by Regnault. The gas is com¬ 
pressed in a reservoir R (Fig 40). kept in a constant temperature bath 
from which a steady stream of it is made to flow out through the pipe 
1 . A valve V which regulates the amount of flow, keeps the pressure 
of the gas constant. The pressure is read by the manometer M. The 
gas then passes through a long spiral tube immersed in an oil bath H 

and is thus heated to known high temperature as found by the ther¬ 
mometer. It then passes through a copper coil immersed in water 
contained in a colorimeter C. Tim gas in circulating through the copper 
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spiral within the calorimeter gives up its heat to the water and it Dually 
• t- n tho air The rise of temperature of the water in the 

calodmeter is noted and the mass of the gas which has come out is 

SrSSSS 

calculated. , . 

n the temperature of the oil bath be T and the a^d 6ua 

temperatures of the calorimeter and contents be t, C and C, U 




M ^ 

(7S?—i i 


W, WA i k 1 


Fig. 40 — Regnaulfs Apparatus 

ml y supposo that the fall of ‘^^“'has' lift the reservoir and C„ its 
s'e’cihc 0 he" coostant presuro : then the heat lost by the fias ,s 

SP ” C1 / T *_L±*iV The heat gained by the calorimeter and its contents 
m 0,il L-zo ) . . . , 

X \ i \f anrl m arc the water equivalent ol the 

catoirn^'an! male of B water contained. Equating the two terms, C„ 

"Cenniation o, tart rf ^ 

Volume.—The specific hoa • nie , r ( v ido Art 57) The gas is enclosed 

mined by .Toly with the pan of a balance within 

in a copper sphere which \ 1 ^ empty an d fc , ien fille d with the 

an enclosure. By weighi b .1 knQWn> When 6 team is passed into 
gas. the mass of the enclose 8 hQYQ until tho temperature of the 

the enclosure, it condenses o th s t oa m. From tho mass of 

ramtndora nt :mouT e of heat taken b,, the sphere^d ti.e gas to 

r ~ te *. ^- tom. 
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perature is obtained and hence the specific heat of the gas at constants 
volume is found. 

50. Observation on Speciffc Heat of Water. —It is found 
that of solids and liquids, water has the highest specific heat which 
means that a given mass of water absorbs more heat in warning and 
gives out more heat in cooling through a given range of temperature 
than an equal mass of any soil or any other liquid. It is for this 
reason that water is preferably used in hot water bottles and foot 
warmers and in hot-water pipes for heating rooms in cold countries. 
Again when kept in the sun for sometime, a quantity of water becomes 
less hot than an equal mass of any other material. 

The use of water as a calorimetric substance, although almost 
universal, is found to be inconvenient for the following reasons :— 

(1) Owing to the high specific heat of water, the variation of its 
temperature due to small quantities of heat cannot be appreciably 
measured. 

(2) Owing to the variation of the specific heat with temperature* 
water is not suitable for very accurate work. 

Again land is more easily warmed or cooled than water. The tempe¬ 
rature of an island is therefore muoh influenced by that of the surround¬ 
ing sea. In fact the temperature of the island is an average between 
that of the land and the sea. Thus, during summer, when the sun is 
above the horizon for a long period, the temperature of island is lower 
than that of the continent ; again during the winter when the sun is 
above the horizon for a shorter period, the temperature of the island is 
higher than that of the continent. Further, during day the sea is less 
heated than the continent ; but during night water cools more slowly 
than the land and so maintains the temperature of the island which 
does not therefore cool so much as the continent. It follows therefore 
that extremes of heat and cold are controlled by the sea, so that an 
island or a sea-side place has a more equitable climate than an inland 
place of the same latitude ; the sea may thus be called a moderator 
of olimate. 

*51. Measurement of High Temperature by the Calori¬ 
meter method.—A high temperature, say that of a flame or a furnace 
may he found by (1) Platinum Resistance thermometer, (2) Thermo¬ 
electric couple or (3) Calorimetric method. 

The first two are dealt with in the Part on Voltaic Electricity. 

Calorimetric method.-A suitable piece of a solid of known mas* 
and specibc heat is placed in contact with the source of the high 
temperature till the mass acquires this temperature A Calorimeter with 
sufficient water is taken, the heated solid is thrown into the water and 
tne nnal temperature is carefully noted. 
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Let, water equivalent of calorimeter + stirrer = W gm. 
mass of water taken ” m gm. 

mass of the solid taken — M gm. 

specific heat of the solid D 5 

initial and final temperature of the water = t Y , t» 
unknown temperature of the source “ t 

Ms(t- t 2 )“(W + m)(t~ - t x ) 
whece t can be calculated 


Example :— 

], A ball of platinum, whose mass is 80 gm. is kept for some time in a 
furnace and when it has acquired the temperature of the furnace it is immediately 
transferred to a vessel of water at 15°C. The temperature rises to 20°C. If the 
weight of water together with the water equivalent of the calorimeter be 400 gm., 
what was the temperature of the furnace? (Sp. lit. of platinum = *0305). 

(Guu. U.—1953) 


A. Let T°C be the temperature of the furnace, which is the initial tempera¬ 
ture of the platinum ball. The final temperature of the ball being 20°C, the heat 
lost by it is, 80 X -0365 X (T — 20) calories. 

Heat gained by calorimeter and water = 400 X (20 l.>) = 400 X 5 

or t — —--f 20 = 705°C approximately. 

° r 80 X '0305 T 


52. Calorific value of a Fuel.—The calorific value of a fuel is 
the amount of heat given out when a definite mass, say 1 lb. of the fuel 
is completely burnt. Thus when we say that the heating value of a sample 
of coal is 10,000 B Th. U. per pound, we mean that the heat produced 
by the complete combustion of 1 lb. of coal of the particular sample is 
10 000 B. Th. U. The calorific value of a fuel is usually determined 
by the Bomb calorimeter. A small quantity of the fuel, powdered and 
dried, is placed inside a strong steel bomb. The bomb is provided with 
gas-tight cover and is filled with oxygen at high pressure. The bomb 
is kept immersed in water contained in calorimeter ; the fuel is fired by 
heating a wire in contanct with it by electric current. The heat 
produced by combustion passes into the water, the initial and final 
temperatures of which are noted. Knowing the water equivalent of 
the calorimeter and of the bomb and the mass of water taken, the 
amount of heat produced by the combustion can be calculated and thus 
the calorific value is found. 

53. Latent Heat.— When heat is continuously supplied to a mass 
of a solid, its temperature gradually rises until a certain temperature 
it begins to melt. On further heatiDg more and more of the solid molts 
but the temperature remains constant, until the whole mass of the solid 
has completely changed into the liquid state. Conversely, if a mass of 
a liquid is continuously cooled, its temperatures gradually falls until at 
a certain temperature the liquid begins to solidify. On continuing the 
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process, more and more of the liquid solidifies but the temperature 
remains the same until the whole mass of the liquid has solidified. 

Similarly, if a mass of a liquid is continuously heated, its tempera¬ 
ture at first gradually rises till at a certain temperature depending on 
the superincumbent pressure, the liquid begins to boil and change into 
the vaporous state. On further heating, more and more of the liquid is 
vaporised but the temperature remains constant until the whole mass of 
the liquid has been evaporated. Conversely, if a mass of vapour is 
gradually cooled, its temperature falls until at a certain temperature the 
vapour begins to condense, which remains constant until the whole 
mass of the vapour has passed into the liquid state. 

Hence when a piece of a solid melts (or a mass of a liquid is being 
vaporised), the heat supplied does not manifest itself in producing a 
rise in temperature but it solely utilised in bringing about the change 
of state. The heat absorbed during a change of state remains as if 
latent or hidden within the mass of the liquid (or the vapour) formed, 
reappearing only during the reverse process. The heat thus utilised 
in bringing about a change of state is called latent heat, as distin¬ 
guished from sensible heat which produces a rise in temperature. 

The latent heat of fusion of a solid is the quantity of heat re¬ 
quired to chanrje unit mass of the substance at its melting point from the 
solid to the liquid state without change of temperature. It is also equal 
to the quantity of heat given out by unit mass of the substance at its 
freezing point in changing from the liquid to the solid-state without 
any change of temperature. 

“The latent heat of fusion of ice (or the latent heat of water) is 
80 calories. This statement means that 80 calories of heat are 
required to change 1 grn. of ice at. 0°C. into water at 0°C. Conversely, 
80 calories of heat are given out when 1 gm. of water at 0°C. is changed 
into ice at O'C. Similarly by the statement that the latent heat of 
fusion of lead is 5‘7, we moan that the amount of heat required to 
convert 1 gm. of lead at its melting point into the liquid state is 5'7 
calories. 

In the pound-degree centigrado unit, the latent heat of fusion of ice 
is also 80 heat units (pound degree.) In the British Thermal Unit 
(pound degree Fahrenheit), the value becomes larger in the proportion 
of 9 : 5 and hence the latent heat of fusion of ice in B. Th. U. per 
pound - 80 x 9 + 5-= 144. If L bo the latent heat of fusion of the soild, 
the amount of heat absorbed by m gm. of the solid in passing from the 
solid to the liquid state is equal to 7 /iL heat units. 

The Latent Heat of Vaporisation of a liquid is the quantity of 

heat required to change unit mass of the substance at its boiling point 

Jrom the liquid to the vaporous state without change of temperature . 

The same quantity of beat is also given out by unit mass of the vapour 

m condensing to the liquid state at the boiling point without any change 
of temperature. 


ART. 53 


CALORIMETRY 


383 


It is experimentally found that the quantity of heat required to 
convert 1 gm. of water at 100 C. into steam at the same temperature is 
537 calories. The same quantity of heat is also given out by 1 gm. of 
steam at 100°C. in condensing to water at 100°C ; in other words the 
latent heat of vaporisation of water (or the latent heat of steam) at 
100°C. is 537 calories per gm. The value of the latent heat of steam 
in the pound-degree centigrade unit is also 53/ heat units. Its value 
in the B. Th. U. (pound-degree Fahrenheit) per lb. = 537 x 966*6 

B. Th. U. 

Thus when ice melts, it first absorbs tho latent heat and when steam 
condenses it first gives out the latent heat. Hence ice cream appears 
so much colder to the teeth than iced water and more severe burns are 
caused by steam than by boilieg water at the same temperature. 

54. Determination of the Latent Heat or Fusion of Ice.—Take 
a clean, dry calorimeter and weigh it together with a stirrer of the 
same material. A stirrer with a piece of wire-gauge fitted to the loop 
should preferably bo taken. Fill the calorimeter about two-thirds with 
water and weigh again. The difference between tho two weights gives 
the mass of water taken. Note tho steady temperature of the water 

and calorimeter with a sensitive thermometer. 

• 

Put the calorimeter with the stirrer and the thermometer, inside a 
large vessel on non-conducting support. Take some pieces of ice of 
suitable size and after dryiug them crefully with blotting paper drop 
them one by one into the water in tho calorimeter, taking care to hold 
tho pioces with blotting paper while dropping them into water. Stir 
the water woll all the time, keeping tho pieces of ice under water with 
the wire-gauge stirrer. Note the lowest temperature reached. Then 
removing the thermometer, weight tho ealorimoter again with its con¬ 
tents. The difference between the last two weights gives tho mass of 


ice added. 

Let the mass of calorimeter and stirrer — W gm. 

specific heat of material of tho ealorimoter “ s 

mass of water taken “ "» gm. 

initial temperature of water and calorimeter “ t C 

• • /o 

final temperature of tho mixture “ t L 

mass of ice added “ A1 gm. 

required latent heat of fusion of ice “ L 


Heat lost by the calorimeter (with stirrer and tho water) in cooling 
from t to t' - W*U - t') + “ 4 ') — (Ws + m) cal. lleat gained 

(*) by M gm. of ice at 0°C. in melting to water at OC-ML calories. 
Heat gained (ti) by the M gm. of water formed in rising tot'“Alt' 
calories. 
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Assuming that no heat is exchanged with any body outside. 

Heat lost — Heat gained 

(Ws + m)(t - t') “ML + m' 

or ML “ (W* + m)[t - t‘) — Mt* 

whence L can be calculated. The value of L is found to be about 80 
calories per gramme. 

Sources of Errors and Precautions :— 

(1) If any water is carried with a piece of ice, the mass of ice is really less by 
the weight of this water and so the quantity of heat required for fusion will be less; 
this makes the observed value of L too low. Hence just before dropping into 
water, the pieces of ice should be carefully dried with blotting paper. 

(2) A wire-gauge stirrer should be used, so that the piece of ice added are 
always kept under water and not allowed to float ; otherwise the portion of ice above 
the surface of water while melting will take heat not only from the water but also 
from surrounding air. 

(3) Some heat is gained by the colorimeter and its contents from outside by 
radiation. This will make the observed value of L too low. This is remedied by 
taking the initial mass of water a few degrees say 5°C. above the room tempera¬ 
ture : ice is added till the final tempernture of the ’mixture’ goes below the room 
temperature to the same extent. This is known as the method of compensation. 

(4) The quantity of ice added must be small as otherwise the lowering of 
temperature of the calorimeter and its contents may be so much that there may 
be actual condensation of moisture on the outer walls of the calorimeter. This 
considerably lowers the observed value of the latent heat of ice. 

Examples :— 

1. Find the result of placing 5 gm. of ice at 0°C M into 20 gm. of water at 
45°C. 

A. Heat lost by 20 gm. of water at 45 c C. in cooling to 0°C = 900 cal. 

Ileal required to melt 5 gm. of ice at 0°C to water of 0°C = 400 cal. 

All (he ice will melt. 

* 

Let the resulting temperature be <°C. 

Ileal lost by 20 gm. of water at 45 °C, to come to t c C 9 

= 20 X (45 — <) calories. 

Heat gained by 5 gm. of ice melting to water at 0 C C = 400 calories. 

Ilcat gained by 5 gm. of water (melted ice) to rise to t°C = 5t calories. 

20 X (45 — /) = 400 + 5t whence t = 20°C. 

.'. There will be 25 gms. of water at 20 C C. 

2. 15 gm. of ice at — 20°C. are dissolved in 50 gm. of water at 40°C. and 

resultant temperature is 10 C C. If the latent heat of fusion of ice is 80, find its 
specific heat. 

A. Let the required specific heat of ice = s. 

Heat lost by 50 gm. of water to cool from 40°C. to 10 C C = 50 X 30 calories. 

Heat gained b}- 15 gm. of the ice at — 20°C. to reach 0°C = 15 X s 20. 

• » 

Ilcat. gained by 15 gm. of the ice lo melt to water at 0°C.= 15 X 80 cals. 
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Heat gained by 15 gnt. o( water to come to WC. = 15 X 10 
50 X 30 — 15 X '0 X a + 15 X 00 + 15 X 

• • 

nr soo* =150 whence * = 0*5. _ c 

3. Calculate the amount of heat = 80 eal./gm. an«i 

lo steam at 100*C. (S,>. ht- of •«* - « * * ,alcnl (Anna. C.-lMtl). 

latent heat of steam - 530 cal /- .. , Q 

A Hca, accessary to raise 1 gm. of - Iron, - 10 C. 

“*• Heat necessary to concert , gm. o, ice into wader at tdC. =J X - -L 

„ea, necessary to raise 1 ,n. “'j" m " 1 = 1 X 550 eat. 

: .-... 

3 In the experiment to dcU300 1m. of water at 

" x;. fl .« - - r: t !£■*?. w 

of the calorimeter with its ‘O'.tenU .> >• va lue for latent heat of 

resultant temperature ^ ‘ ^hat wa s’the ma. of water adhering to the ice. 

of ice is 80 calories pci gramme , 

Let mass of the adhering = m gm. 

M „s of ice added = <IT-9 - ■»> 

Ileal lost by the calorimeter and wabr |_ iHO-l X IS calories. 

= t 0-.X (!»•*-»•« +"° X X 00 eal. 

Heat taken by the ice to melt 17 . 9X1V7 

Heal token up by the writer to * u ., „|,en.x m = 1!>S gm. 

55 l-ten uli.iTbId 

^ L determination of 6pcc,,i0 

heat of a substance. • t9 merely of a large block of 

Black’s Ice Calorimeter.-I °™ £ diiimetor and a u inch deop, 
pure ice with a hole about an n the holo is covered by 

scooped out into it (big 41)- 1 tho cavity. A mass of the 

^icb^tbe r^cTe^is 0 !: be determined is taken and 

weighed! 1 . «»n heated to a f. --^ 

pernture m » **!*“ ^ , with blotting paper or \ 


ttr a oughiy D drr;ith ^ 

° no Tho boated solid is then dropped into | 

°°°'?T S fl“e e °After e a t fow , m!nurofthe C wa l tor ^ 

in* the cavity as well as on the surfaoe ol the 

and V a i ^iet le tf 0 ^ponge m TVloHing’'rape P r P proviously weighed (and 




386 


INTERMEDIATE PHYSICS 


CHAP. V 


cooled to 0°C). The mass of water formed is determined by direct 
weighing. 


Let the mass of solid 

= M gm. 

initial temperature of the solid 

- <°C. 

mass of the melted ice 

= m gm. 

sp. heat of the material of the solid 

“ s 

Heat lost by M gar. of the solid in cooling to 0°C 

“ Ms£ cal. 

Heat gained by m gm. of ice in melting 

=* 77iL cal. 


As no heat from outside can reach the solid 
Msi = mL whore s—-]*- 

Mt 


The method is not accurate , since (a) the water formed by the 
melting of ice oannot be completely removed, (b) Some ice may melt 
by absorbing heat from the atmosphere during the period between the 
dropping of the solid inside and the closing of the lid. 

The advantages of the method are that (l) it is a ready method, (2) 
there is no loss of heat by radiation and (3) no delicate thermometer is 
necessary for noting the final temperature. 

Bunsen’s Ice Calorimeter.—The action of this instrument depends 
on the fact that a given mass of ice on melting diminishes in volume 
to a definite extent, so that by accurately measuring the change in 
volume, the weight of ice melted and hence the quantity of heat requir¬ 
ed to melt in can be found. 


jmlimhi' 


Bunsen s ice calorimeter consists of a large thin-walled test tube A 
(Fig. 42) fused into a large glass vessel B. which extends at the bottom 
„ into a narrow tube CD, bent twice at right 

angles, as shown in the figure. At the other 
end of CD, there is a collar D closed by a 
cork through which passes a bent piece of 
capillary tubing T of uniform bore. To the 
horizontal part of tube T a finely graduated 
scale S is attached, no that the volume bet¬ 
ween any two divisions is accurately known. 
The lower part of B, the tube CD and a part 
of the capillary tube T are filled with pure 
dry mercury while the upper part of B is 
filled with pure distilled water, which has 
been boiled to free it from dissolved air. 

, c 42 -- Before using the instrument, it is kept 

... . surrounded as completely as possible with 

F U J e “biting 1C0 a ° d a stream of alcohol or ether previously oooled by a 
freeing mixture is passed through A, till owing to the intense looad 
cooling a thin coating of lee is formed round the lower part of A Thia 
gradually inoreaaes as the cooling la continued, while the mercury 
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meniscus in the capillary tube is found to move forward. The.free/ ng 
mixture is then removed from A and a quantity of water already cooled 
at 0 C is placed in it. After sufficient interval the whole of the ins- 
trument withUrn contents comes to O’C and the mercury men,sens 
assumes a steady position as read from the scale. 

To determine the specific heat of a metal, a small lump of it is taken 
and weighed. The lump is then heated to a constant high temperature 
and nuickly dropped into the water in A which is at once corked. The 
l f fliuen nut hv the solid is communicated hy the water to the ice 

quantity of heat supplied can be calculated. 

Let the mass of the solid ^ gm ’ 

B p. ht. of the material of the solid " s 

initial high temperature of the solid 

contraction in volume of the ice 

Now contraction ot 1 gm. of ice at 0°C on melting 
Ice molted in the present case 

Heat absorbed in the melting of ice 

where h is the latent heat of fusion of ice. 

Heat lost hy the solid in cooling from t 0. to 0 U 

As this heat is wholly utilised in melting the ice, 
vh V L 10-99LU 

Mst - 


- t° 0. 

= V c.c. 

= 0 C91 c.c. 
v/0'091 gra. 

- vL/0'09 L cal. 

=» Mst cal. 


or 


009 L AH 


Mt 


0091 

whence s is calculated. 

A a „ is very small, the cross-section should be accurately known 
and the contraction carefully noted. Sometimes the scale is previously 
calibrated directly in calories. 

Advantages of Bunsen’s Ice calorimeter : 

(i) It is very sensitive and accurate, (it) It can be used to deter- 
mine the speoifio heat of solids available in a very small quantity, 
(Hi) There is no loss of heat due to radiation. M The water equivalent 
of the calorimeter is not to be taken into aooount, (v) There is no 
necessity for a thermometer along with the calorimeter. 

Example :— . t . , 

1 . A spherical iron hall is placed on n large block of dry ice at 0 C - *'> l « ^ hlch 
it sinks until submerged. What was the temperature of the iron. (Density of 
iron = 7 7 gm. per c, and that of ice = 0-02 gm. per c.c,; sp. heat of iron 
— 0-12 and latent heat of fusion of ice = 80 calorics per gm. 
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A. Evidently the loss of heat by radiation is not to be counted. Let the 
volume of the irou ball be V c.c. and its initial temperature be t° C. The ball melts 
a volume of ice equal to half its volume and fulls to 0°C. 


Non' mass of the ball = 7-7 V gm.; mass of ice melted = 0*92 X 

Heat lost by the ball = 7-7 X V X 0-IS X t calories. 

y 

And heal gained by the ice = 0-92 X —X SO calories. 



7*7 X V X 0*14 x * = 0 02 X — * SO whence t = 39-8°C. 


2. If a gram of ice at 0°C contracts *001 c.c. in melting, calculate the specific 
heal of the substance when 40 gin. ut Ci0°C dropped into an ice calorimeter cause 
a change in volume of -273 c.c. Given latent heat of fusion of ice = 80 cals/gm. 

(R. P. 13.—1918) 


A. The mass of melted ice = 


•273 

•091 ffm * 


ire 


Heat gained by 


273 


091 


gm. of ice in melting =r ~p X SO calories. 


Again heat lost by 10 gm. of the substance at C0 e C, when dropped into the 
calorimeter = 10 X 60 Xs. where = specific heat. 


10 X 60 X 


•273 X 80 
•091 


whence s = 0-J 


9. A mass of 0 96 gm. of a substance heated to 100°C is dropped into a 
Rumens calorimeter. The thread of mercury recedes through n distance of 8-3 mm. 
m the capillary lube of I sq. mm. section. Calculate the sp. lit. of the substance 
given lluil I pm. of water on freezing expands by 0 0905 c.c. and evolves 80 calories. 

(Nag. U.—1952) 

A. The volume contraction effected by the movement of mercury thread bv 

•a mm. through a capillary tube of I sq. mm. cross-section = a -3 x i - - d 

.ur.i. = -0083 c.c. 

This volume contraction is due to sonic ice melting into water at 0 C C. 

Now. contraction is 0905 c.c. when 1 gm. of icc melts into water at 0 C C. 

. 1 

l C.c. ... —rrrr-r— gill. 


090. 




or. 


0083 c.c. 


OOS3 


0905 


gm. 


M 




Again 1 gm. of ice absorbs SO calories in melting to water * 


'0088 
*091)5 


SO X S3 
905 


1 hi-- amount of heal is given out bv 0*00 «m i 

through ° gm ‘ °‘ 1,0 su bsta»ce m cooling 

It be its specific heat, then 

01,0 X 100 x» 83 _ wlicnce s = _80 xss _ 

»05 905 X 96 — 0 5 
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56. Determination of Latent heat of Vaporisation of Water.- 
( Latent heat of Steam)— 1 Take a clean, dry calorimeter and weigh it 
together with a stirrer of the same 
material. Fill the calorimeter about 

two-thirds with water and weigh again. U 

The difference between the two weights A {| 1 5 

gives the mass of water taken. Note V H 

the steady temperature of the water / \ £ E3 

and the calorimeter with a sensitive ___ ^ ^T 

thermometer. s (; | jh} 

Boil some water in a vessel B (Fig. LL—-; pf,f; W C 

43), with its mouth closed by a cork 7 s 

through which a bent glass tube // \\ j 

passes. The open end of the bent U 11 ^ ^ ^ 

tube is connected to a water-trap or Fig. 43 

the so called steam trap j-• ^ . g (reetl f rom any water aceom- 

is a contrivance by which fitted with steam-tight 

paying it. H tube reaching nearly up to 

corks through each of whics P ® conn0 cted with the delivery tube 

Sffli« SO, up una 000168 - 

by the exit tube a practically free from \w c 

. • • fo , r with its contents and the thermometer T, 

Put tho calorinaetei C, v , , vessel Bring it under the 

on non- conducting supports inside a large voU within bhe 

steam trap, quickly put the water all the while, 

water and pass steam or some tune.^tirnn. ^ ^ ^ 

A screen P is placed )o ween highest temperature attained 

away the nozzle quickly and note the >»^ 6 « 1 temperature 

by the water. Allow the 08 onmeter to ™ » ° adheres to U 

«f“ **«*■-- «- 

last two weights gives the mass of steam condensed. 


Let the mass of tho calorimeter and stirror " ^ 8m * 

Sp. ht of material of the calorimeter ^ m g n \. 

mass of water taken . . ^ .»p 

initial temperature of water and calorimeter _ 1 °q 

final temperature of the mixture ^ K)0*C 

temperature of the steam = ^ 

rn ‘ss of steam condensed ^ ^ 

icquired latent heat of steam 

Hoat Irst by stoam in condensing to w8 ^ r ., at . U !°°° 4 ,) 
Heat lost by water in cooling from 100 C, to tv MUVJU 

Heat gained by calorimeter with stirrer and water in rising from 
b t to t*- Ws(t*- t)+m{U - t) oal. 
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Assuming that no heat is exchanged with any body outside 

Heat lost «* Heat gained 
ML + M(100 - t x ) - (Ws + m)[t t - 1) 

or ML = (Ws + m)[t x - t) - M(l00 — t x ) 

L - - i) - (too -n) 

The value of L of steam at 100°C is found to be 537 calories per 
gramme. 

Sources of Errors and Precautions :— 

(1) If any water accompanies steam, the observed value of L would be too 
low. To avoid condensation of steam, the delivery tube should be covered with 
cotton wool along with the use of a steam-trap. 

(2) Any loss of heat by radiation from the calorimeter and contents will make 
the observed value of L too low. To reduce the effect of radiation, the water in 
the calorimeter should be initially cooled a few degrees below the room temperature 
and steam should be passed till the temperature of the water rises as much above 
the room temperature as it was below. 

(3) The temperature of the steam may not be at 100°C. and so it should be 
determined in each case. 


(t) To prevent the calorimeter from gaining any heat directly from the burner 
or the boiler by radiation, a screen is to be placed in between. 

(.‘i> The issue of steam should not be rapid, otherwise some water may be lost 
hv splashing, which "ill make the observed-value too low. 

(i!) The temperature of the calorimeter and its contents should not he allowed 
to rise much above 30°C. beyond the room temperature for in that cusc much 
vajxmr will be given off. causing considerable loss of heat. 


57. Joly’s Steam Calorimeter. —Joly, in 
accurate method of determining specific heat of a 



’ SS6, devised a very 
substance by the use 
of condensation of 
steam on it. The ap¬ 
paratus consists of a 
metal enclosure S, 
called the steam 
chamber, in which 
steam is supplied by 
a boiler B (Fig 44). 
The steam chamber 
is enclosed within a 
box D on the top of 
which is placed a 
sensitive balance. 
From one arm of the 
balance a fine wire B 


Fig. 44—Steam Calorimeter 

a hole into the steam chamber. The wire 
other end. 


is suspended, which 
passes down through 
carries a scale pan A at its 
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The body O whose specihc heat is to be determined. i3 P^ced on 
the pan within the steam chamber when steam is not passed th ™ ug * *[ 

and its mass is determined. This gives the mass of the body mar 

at the room temperature f C. Let the mass be m gm. Then_ steam.is 
passed from the boiler into the chamber and when a steady high 
temverature of the chamber is recorded by the thermometer, w ® l «> ht9 

on toother pan to counterpoise the body and the condensed 

If this be M.gm., then this gives the total mass of the ooay 

and the steam condensed in the body and the pan and ^-n ™ 
Then the body is taken out and again steam is passed o\er the em p y 
pan The mass of steam condensed on the pan and .ts> acces-one. « 

found by method of weighing. Let^e ^ temperature 

steam condensed on the body is (Mi 2 6 
of steam be T C. 

If the specific heat of the body be s thenah. ^ absorbed by 
L being the latent heat of steam at 1 O. 


Thus ms. (T - - M 2 )L whence s 


• • • 


(55.1) 


(Mi ' MJL 
m (T - t) 

In order that the ^ not—sc on the upper left pan of 
the balance, an electric heater coil n is i 
the chamber D. 

Example :— 

Steam at 1CO-C b ,--1 '"X "''•£“«.£ M’oTSlS 

K m. of mixture or ice » ,u *'' at ’ , , , , | t u f f U si«m of ice is 8» cal./pn. 

meter and its contents is *17-5 gm. If » ‘ r . , U ,„ l.cut of steam = 340 

find how mud. ice was present in the mixture. (Dtfl . j, S .-103S> 

01,7 a"^L et »i Kin. he the mass of ice originally present in the mixture. Then the 
mass of water in the mixture = (loO-««) gm. 

Mans of steam condensed into the mixture = 217-5 - (1W + «1 = '*’* 

«,«=£■£ stirs 

converted to water at the same temperature. 

Now heal lost by steam in condensing to water at X * J“ l 

ftlM l |, c .„i lost by 12*5 gm. of water at 100°C. to conic to 0 ( _ 1 - •» X 100 ml. 

Total beat lost = 12-6 X 510 + 12-5 X 100 = »<»«>»> cal °' ie ' 

Again heat gained by m gm. of ice in melting = m X BO cal. 

Thus from the principle, heat gained = heat lost. 

, n X 80 = 8000 whence m = 100 gill. 
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2. A glass beaker of negligible thermal capacity contains 1 lb. of water and 
some ice. When 1 oz. of steam at 100°C. has been supplied to the vessel, the con¬ 
tents are at a temperature of 3°C ; how much ice was there to begin with Latent 
heat of ice = 79 cal./gm.; Latent heat of steam = 537 cal./gm. 

(Utkal. L.-1951) 

A. Let the mass of ice be x gm. Since 1 lb. = 453*0 gin. and 1 oz. 
= 28-35 gm. 

Heat lost by 28-35 gm. of steam in condensing at !00 C C = 28-3a X 537 cals. 

Heat lost by condensed steam to cool down to a temperature 3 °C = 28*35 
(100 — 3) cals. 

Heat gained by ice in melting at O'C. = i X 70 cals. 

Heat gained by melted i«*e in rising to 3°C = x X 3 cals. 

Equating Heat lost to Heat gained, we get.— 

28*35 X 537 + 28*35 X 97 = 453*0 X 3 + x X 82 
whence x = 202*0 gm. = 7*15 oz. nearly. 

3. Steam at 100°C. is passed into a zinc vessel of mass 500 gm. containing 
1 kgm. of ice and 1 kgm. of water at 0 s C. ami temperature of the mixture rises 
to 30°C. If the mass of the cnlorimet r with its contents is found to increase 
by 232 gm. find the latent heat of steam. (Sp. lit. of zinc = 0*92; latent neat of 
walcr = 80). 

A. Ta* 1 the required Intent heat be 1# calories per gm. 

Heat lost by steam in cooling to water 100°C = «S2 L calories 

Heat lost by condensed steam in cooling to 30°C. = 232 X 70 .. 

Heat gained by the ice in melting = 1000 X 80 „ 

Heat gained by this water and the water in the calorimeter in rising from 

0°C. to 30°C. = 2!«H> X 30 cal. 

Heat gained by the vessel in rising from 0°C. to 30°C = 500 X *092X30 cal. 

2321. + 232 X 70 =80.000+60,000 + 1380 
or 232L = 125140 whence L =539 cals./gm. 

4. Steam at 100*C. is passed into 100 gm. of icc at — 10 C C. The tempera¬ 
ture rise to 35°C. and the mixture is found to weigh 120 gm. Find the specific 
heat of ice. The latent heat of water olid steam are 80 and 535 respectively. 

A. Let the sp. lit. of icc = s 

Mass of steam condensed = (120 — 100) gm. = 20 gm. 

Heat lost by steam in condensing to water at 100°C. =20 X 535 cal. 

Heal lost by. lliis water in cooling to S5°C. 

Heat gained by ice in rising from — 10°C. to 0°C 
Il^nt gained by this water in rising to 3a°C. 

Heat gained by ice changing to water at 0 c C 

20 X 53a + *0 (100 - 3a) = 100 X *X.10+100X80+100 XS5 
or 100Q& = 500 whenpe s = 0*5. 


= 100 X 3a cal. 

= 100 X ** X It) cal. 
=20 X (100 — 35) cal. 
= 100 X 80 cal. 
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JOSEPH BLACK (1728-1799) 


Black was 
France but in 


born at Bordeaux m 1728. His childhood 
1740 lie was sent to his home in Ireland 


was spent 
to receive 


in 

the 



education at tno 
School- In 17 40 he 
was admitted to the 
University cf Glas¬ 
gow. He studied me 
dicine and chemistry 
at the University and 
at the same time in¬ 
vestigate! the physi¬ 
ological action of 
quicklime and caustic 
potash on tho human 
system. A degree of 
Doctor of Medicine 
was conferred upon 
Kim uk a roward of 


Summary 

Unit of heat is the quantity of heat required to rub, one gvanane «f pure 
xsaUr through 1°C. It is called the alone. 

The British Thermal unit <B. Tit. U.) is the number of heal re,pared 
raise 1 lb. of water through 1°F. 

The specific heat of a snhslanee is equal to the nu.nher of uads of hud 
required to raise 1 gnt. of the substance through 1 C. 
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The thermal capacity of a body is the total quantity of heat required to raise 
the temperature of the body by 1°C. 

J he water equivalent of a body is the quantity of water in grammes which 
will be raised through l'C. by tlie amount of heat required to raise the body 
through 1°C. 

Methods for the determination of the specific heat.—( 1 ) Method of 

mixture: (2) method of cooling (in case of liquids): (3) Ice Calorimeter. 

The Latent heat of fusion ot a solid (L) is the quantity of heat required 
to change unit mass of the substance at its melting point from the solid to the 
liquid state without change of temperature. 

The Latent heat of vaporisation of liquid is the quantity of heat required 
to change unit mass of the substance at its boiling point from the liquid to the 
vapour state without change of temperature. 


Reference 

Arts. 

40 & 44 


Arts. 
41 \ 14 


Arts. 
48 & 4 t 

Art. 45 


Art. 45 


Art. 16 


Arts. 
46 & 46 

Art. 45 




Exercises on Chapter V 


1. AMiat is the unit quantity of heat? Define thermal capacity 

of a body. How would you find the thermal capacity of a body 
practically? (C. U.—1952) 

2. l\hal is meant by unit quantity of heat? Define ‘B. Th. l\, 

and ‘calorie* and indicate the numerical relation between them. Ex¬ 
plain the term ‘water equivalent' of a calorimeter and describe how it 
i> determined. (Gau. U.—1952) 

3. Explain I lie terms ‘specific heat’, ‘thermal capacity' ami ‘water 
equivalent’ of a body, and state the units used in expressing them. 

(Del. II. S.—1952; C. U.—1953 ; Utkal. IW1049) 

4. A copper calorimeter weighs 180 gin. and the sp. lit. of the 

material is 0-9. Find the quantity of heat required to raise its tem¬ 
perature from 25 C C. to 05°C. (C. U.—1943) 

A. G4S cal. 

5. How would ^ou find the thermal capacity of a given calori¬ 
meter by experiment r (Mad. U.—1947) 

fi. Describe an experiment to determine the specific heat of a 
•-olid. Mention the sources of error and how they are avoided. 

(Utkal. I’.—1953; Mad. l\—1947) 

7. Define specific heat. Describe an experiment to determine the 
wnU-r equivalent of a copper calorimeter and the specific heat of copper. 

(C. L\—1943) 

8. A cnlorimetc rcontains 129-4 gm. of water at 12 # 2°C., 65-7 gm. 
'*1 water at 38 (i C. are added to this and after stirring the temperature 
of th, mixture is found to be 21 °C. Find the water equivalent of the 

ir lorimeler. 


A. 2 gm. 

9. Supposing you were given a thermometer reading only from 
50' C to 1()0°C and some water of which the temperature was below 
20 ( . describe an experiment to determine roughly the temperature of 
water, without using any other thermometer. (C. U.—1953) 


CALORIMETRY 


395 


R 


Hints:— Heat sufficient quantity of water in a vessel uplo a known 
higher temperature T°C to he measured with the given thermometer 
Pour a quantity of this water into the calorimeter containing the cold 
water, so that after stirring the mixture, the temperatue « 
the exact value being known from the thermometer. Urns know u 
the water equivalent of the calorimeter and masses of hot and co l 
water, the initial temperature of cold water may be found. Ibis tem¬ 
perature is approximate because there is heat loss from the mixture 

during the process of heat exchange. 

10. OG gm. of lead shots (sp. ht.= 0 03) at 00*C. are poured into 
148 gm. or a liquid at 29°C contained in a lead vessel we.ghing SOO «m. 

If the final temperature of the mixture is 33 C. hnd J’P^ 1 

of the liquid. 

A. 0-26 

11 A copper calorimeter of 10 gm. contains 12 gm. ot water at 

J)S1°C. A copper coin at li'C. is added to this and the temperature 
of the calorimeter and its contents decreases to 0-.-8 t. 1 md llu 
of the coin. (Sp. lit. of copper = 093). 

A. 9-5 gm. 

13. Describe an experiment to determine the specific heat oi a 

solid which is soluble in water explaining carefully how you 

i . (Unu. i .— i «#•>•>; 

calculate your result. 

13. A calorimeter whose water equivalent is 10 gm. is filled ' v 'J h 
50 gm. of water at 80°C. and the time for the temperature to fall to 
75 °C is 4 minutes. When filled with another liquid, the weight being 
40 gm.. the time taken for the some full .. ,130 ^coads ' p m ' ' 

cific heat of the liquid. (I . 1 . »• 

A. 0-50 

14 A copper calorimeter of mass 50 gm. contains 20 gm. of an 
oil of sp. hi. -47. at 20-5°C. Into this is poured another oil at 98-o C. 
The temiieruture of the mixture is found to he 38-5 C. and the mass of 
the calorimeter and oil is found to be 75-4 gm. 1-md the sp. lit. of the 
added oil. (Sp. lit. of copper = -00). 

A. *77 

n A calorimeter, whose water equivalent is 5 0 grams, is filled 
with 25 0 grams of water. It takes 4 minutes to cool from 25°C to 
17 When tlic same calorimclcr is filled with 30-0 grains of a liquid 
it takes 180 seconds to cool through the same range. Calculate the 
specific**heut of Ihe liquid. <«“i 

A. 058 

10 Describe liow the sp. lit. of a liquid is measured by the method 
„f cooling. Slate the principle of the method and write down the 

formula used for calculating the result. 

(Raj. U.—1953; Del. U.—1942 ; II. I*. Ik—1940 ; Mad. U.—1940) 

17. How do you account for the difference between the two speci¬ 
fic beats of a gas? (R- 1*. H. 1941 > 

18. Define the term specific heat. Explain why sp. lit. of a gas 
depends oil the conditions under which this quantity is measured. 

‘ flJ. 1*. Ik—1944) 


eferencc 


Art. 46 

Art. 46 

Arts. 

46 & 47 

Art. 48 

Art. 47 

Art. 48 

Art. 18 

Art. 49 

Art. 49 
Art. 49 
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Reference 
Art. 49 


Art. 49 


Art. 51 


Art. 51 


Art. 51 


Art. 63 


Arts. 
43 & 53 


Art. 51 


Art. 


v> 



Art. 51 


19. Explain why a gas has two specific heats. Describe how the 
specific heat of a gas at constant pressure lias been measured. Give 
a neat diagram. (Del. II. S.—1951 ; R. P. B.—1945) 

50. Why is the specific heat of a gas at constant pressure greater 
than lhal at constant volume ? How will you use the knowledge of 
these specific heats to find the volume? Deduce any formula you use. 

(IT. P. B.—1950) 

51. A brass weight of 100 gni. is heated so that a particle ol 

solder placed upon it just melts. It is then put into 100 c.c. of water 
at 15°C. contained in u calorimeter of water equivalent 15 gm. If the 
final temperature of water is 35°C. what is the melting point of the 
goldci ? (sp. lit. of brass = -088). (Pat. U.—1935) 

A. 589-5 °C. 

55. A lump of platinum weighing 100 gm. is healed in a flame 
until its temperature lias reached that of the flame. It is then removed 
and dropped quickly into a calorimeter which has a water equivalent 
:»f 5 gm. and contains 495 gm. of water. If the temperature of the 
water rises from 55*C. to 30 C C\ find the temperature of the flame. 

(Sp. hi. of platinum = -030). 


I Ml ( approximately. 

53. How will von proceed to measure the temperature of a fur- 
in (v by a calorimetric method? Develop the working formula and 
discuv*? the source of error »ii the method. (I’tkal. L\—1951) 

51. What is meant by the statement that ‘the latent heat’ of 

fusion of ice is SO ? (C. I".—1950) 


55. Define specific heat and latent heal of fusion of a solid. 

How many units of heat are required to melt 100 gin. of tin 
originally at 50 C. [melting point of tin = 535°C.,1atent heat of fusion 
of tin = It cnl./gm. ; sp. lit. of tin = *05]. 

Dors the value uf these constants depend on the kind of thermo¬ 
meter nth Fahrenheit or Centigrade? 


A. 5400 cal., yes. (C. U.—1944) 

50. How would you determine the latent heat of fusion of ice 
iu< iitinning the precautions needed. 

M . I .— 195? ; Mud. t'.—1919, ‘50 ; Pat. l\—1938 ; cf . And. U.—1951) 


57. What would be the final temperature of the mixture when 
grammes of ice at — 10 C. are mixed up with 50 grammes of water 
1 do ('.? The specific heat of ice is *5. 

A. 7 C. 


A ball of copper <>l mass 30 gin. was heated to 100°C. and 
id in an iiv calorimeter. In cooling down it evolved sufficient heat 
'.«» null 5* 15 gm. »»l ice. If the latent heat of fusion of ice is 80, what 
i' the specific lienl of copper? (Dnc. U.—1933) 

A. -095. 

59. A r calorimeter of mass 100 jm, and specific heat 0*1 

contains 550 gm. of a liquid of sp. lit. 0-i at a temperature of 30°C. 
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10 gin. of pure ice al 0°C urc dropped into the liquid. Find the result¬ 
ing temperature. Latent heat of fusion of ice = 80 cals/gm. 

A. l(»-03°C. < Mad - l '— in4G) 

30. Describe and indicate the use of Black’s Ice calorimeter. 

^C. U.—1010) 

31. A piece of iron weighing 1.3 gm. is dropped at a temperature 

of 113 (i°C. into a cavity in a block of ice of which it. melts 2-.> gm. 

If the latent heat of ice’ is 80 calories per gram, find the specific heat 

of iron. (C - 119 ' 18) 

A. 11. 

3*2. Describe Bunsen's ice calorimeter ami its working. How "'ll 
you uk it to find the density of ice? Show the calculations dearly. 

<1\ U.—19.32 ; R. T. B —1013. 48) 

33. The density of ice at 0 9 C. is -916 and that of water is 1 gm. 

per c.c. A piece of metal weighing 000 gm. is raised t<> a temp, of 

80°C. ond placed in a mixture of ice ami water melting some of tho 
former. The volume of mixture is found to decrease by 8-4 c.c. 
How much ice is melted and what is the sp. lit. of metal ' 

A. 91 0 gm ; *152. 

34. 25 gins, of wax arc heated to 00°C. and poured into 100 gins, 

of water at 3°C in a calorimeter of water equivalent of 10 gins. Find 
the final temperature of the mixture. (Melting point of wax _ 4>( ; 
sp. lit. of solid wax = 0-3; sp. lit. of liquid wax = 0-4 : latent heat m 
fusion of wax = 40 cal/gin.) (Itkal I —HUS' 

A. 19 • 8.3 ° C. approx. 

3a. Describe the Bunsen’s ice calorimeter ami explain how it is 

usod to determine sp. lit. of a substance. (Nag. 1 .—19.72; 

U E. 1*. U.—10.31, Y.2 Del II. S.—19.72) 

3(5. The open end of the capillary tube of a Bunsen’s ice calori¬ 
meter is placed under the surface of mercury. When 2.3 gm. o| water at 
M°C. are placed in the inner tube of the calorimeter, it is found that 
(J-8 gin. of mercury are drawn in. Calculate the density of ice. Latent 
1 ...... () r ; ce — 79 cals/gm. ami density of mercury = 13-0 gm./c.c.). 

,,u ‘ l (R. P. B.—1940) 

A. 0-904 gm./c.c. 

37 . 20 gm. of water at 1.7°C are put in the tulie of a Bunsen’s ice 

calorimeter and it is observed that the mercury thread moves through 
ill cm. 12 gm. of a metal at 100°C arc then placed in water and mercury 
thread* moves through 12 cm. Find the specific heat of metal. 

A. 01. 

* 38. Explain the construction and use of Bunsen’s ice calorimeter 

indicating the special advontage of the method over the other method 

of measuring specific heat. 

(P. U.—19.73 ; R. P. B —10.72; Ulkal. IT.—1948) 

39. Steam at 100°C is passed into a calorimeter of muss .7.7 gins, 
containing 1.70 gins, of a mixture of ice and water, until all the ice is 
just melted. The mass of the calorimeter nnd its contents is then found 
to lx* 217 gms. How much ice was originully present in the mixture. 
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Art. 55 
Art. 55 

Art. 55 

A rt. 55 

Arts. 
46 & 53 

Art. 55 

Art. 55 

Art. 55 

• Art. 55 

Arts 
54 &5 i 
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Reference 


Arts. 
54 & 56 

Arts. 
54 & 56 


Art. 56 


Arts# 
54 A 56 


Art. 56 


Art. 55 


(Latent heat of fusion of ice = 80 cal/gm.; Latent heat of steam _ 
540 cal./gm.) . (Utkal. L.-1947) 

A. flG gm. 

40. Define latent heat of evaporation and describe an experiment 

to measure the Intent heat of steam. l T tk. L . 19o3 ; And. L. > 

Del. H. S.—1950 ; Pat. U.—1951, oS) 

41. Into a calorimeter, containing 175 gm. of water and some ice, 
steam of mass 10 gm. ami temperature 100°C. is passed The tem¬ 
perature of the contents rises to 10°C. If the water equivalent of the 
calorimeter is 5 gm. calculate the mass of ice initially present. Unen 
latent heat of water = 80 cal../gm.; latent heat of sleam-JiM cnh/Km. 

A. 50 gm. 

42. In an experiment to find the latent heat of steam, the following 
observations were recorded. Mass of calorimeter and stirrer — 132 gm. 

(sp lit = 0 005) ; Mass of calorimeter with water at 28*5 C-gm. 

Mass ,.f steam at 08°C condensed = 0-72 gm.; Final corrected tem¬ 
perature = 32-5°C. Find the latent heat. Point out the chief sources 
of error and suggest the necessary precautions or _ 1947 ) 

A. 543 eul./gm. 

V3. A copper calorimeter, weighing 100 gm. contains a mixture of 
10 gm. of ice and 100 gm. of water at 0°C. Steam at 100 C is pa**<j 
into the mixture until the final temperature of the calorimeter and 
contents is 10°C. Determine the mass of steam which has passed into 
the calorimeter, given that Latent heat of steam = 540 cal./gm.; 
Latent heat of ire = SO cal./gm.; sp. lit. of copper _ 0^ r __ 1053 ) 

A. 3-17 gm. 

44. The diameter of a capillary tube of a Bunsen's ice calorimeter 
is 1-4 mm. When a piece of metal weighing 1109 gm. at 100 C is 
dropped into the calorimeter, the mercury thread moves by 10 cm. 
C,<lonl«l e tlic M-cific heat of the- metal. The latent heat of.<**80 
cal /gm. end density of ice is 0-9 gm./c.c. (Del. H. S.—19o~) 

A. 0-1. 

Vt A copper vessel of water equivalent 00 gms. contains G00 gms. 
of w ,te- at 3t)°C. A hunsen burner, adjusted to supply 100 calories 

per second, is used to heat the vessel. Neglecting all heat losses 

calculate ««) the time required to raise the water to the boiling pouit 
and i h) The time required to boil away 50 pus. of water (Latent 

It eat of .steam = 540 calories). . ^ 

A. ini 7 min. 12 sec.; (h) 12 min. 12 sec. (from startiug). 

40 Describe July's Steam Calorimeter and explain how it may 
be used to determine the specific heat of a gas at constant volume. 

(Nag. F.—1950; V. P. B—1952 ; lL P. B.—1945, ’49) 
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CHANGE OF STATE 

58. Fusion and Solidification.—Fusion or melting is the change 
of a solid substance from the solid to the liquid state. Solidification 
or freezing is the change of a liquid substance from the liquid to the 
solid state. If a solid body be heated continuously, its temperature 
gradually rises until at a certain temperature it begins to rnclt. If once 
the process of melting has started, the temperature does not change 
until the whole of the substance is converted into liquid state. This 
temperature which is different for different solids, is called the melting 
point of the substance. If the heating is continued even after the 
whole cf the solid has melted, the temperature of the liquefied mass 
rises in the usual way. 

Take a mass of melting ice in a suitable vessel and put a thermo¬ 
meter in it ; the temperature of the ice is found to bo O'C. Apply 
heat to the vessel ; ice begins to melt, stir well. The thermometer how¬ 
ever, does not show any change of temperature until the whole of the 
ice is melted. If a quantity of paraffin wax is heated in a similar way, 
it is found that the paraffin begins to melt at nearly 55*0 , and the 
temperature remains practically constant at this point until the whole 
mass is melted. 

On the other hand, if a mass of liquid is continuously cooled, the 
temperature gradually falls until a cortain temperature the liquid 
begins to solidify. The temperature, which is different for different 
liquids, remains constant throughout the process of solidification and is 
called ths freezing point or the solidification temperature of the 
liquid. If the cooling is continued oven after the whole of liquid 
is solidified, the temperature of the resulting solid decreases in the 
usual way. 

Super-cooling.—Many liquids, if cooled slowly and without any 
disturbance, may be cooled below their solidifying point without 
solidification taking place ; e.g., pure water freed from dissolved air, 
has been cooled to - 20°C. by Despretz without being frozen. This phe¬ 
nomenon is known as super-cooling, surjusion or sujjerfusion and the 
liquid in this condition is said to be super-cooled. This condition is 
unstable ; for if the liquid is slightly shaken or if a piece of the subs¬ 
tance in a solid form is dropped into the liquid, solidification at once 
starts and the temperature quiokly rises to the true solidification 
point. For super cooling, the liquid taken must bo pure and free from 
any suspended or dissolved foreign substances. 

Sublimation. —There are certain solids which under ordinary cir¬ 
cumstances pass directly into the vaporous state without passing 
through the intermediate liquid state and vice versa. The process is 
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known as sublimation . Iodine crystals camphor, sulphur 
bonzoio acid, napthalene are examples of these ; ice and snow aL 
lime slowly, even when below the freezing point. 

59 Determination of Melting Point-The melting point of a 
solid c in be determined by any one of the following method*. - 

fa) CaDillary Tube Method.— A small quantity of the substance 

sstt sarteK 

SBssrsrjysas*. k V 

vessel the ooen end of the capillary tube being of course abo\ e the 

liquid The bath is slowly heated and kept well- 
stirred. After some time a temperature is reached 
when the solid in the capillary tube just begins to 
■■ --K J liquefy ; the temperature of the bath is noted. ih e 

C / flame is then removed, the bath is kept well-stirred 

c and is allowed to cool. The temperature is again 

I__ noted just when the substance in the tube begins 

'dZOTTD* to solidify. If carefully observed, the two readings 

1[ should not differ more than one degree and their 

T 1[ mean is taken as the melting point of the solid. 

UMbL Tins method is specially suitable when a very 

I'Tlirtfi small quantity of the solid is available which has 

f j lip 1 r !. not a high melting point. (Vide. J. Chatterjee s In- 

termediate Practical Physics). 
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Fig. J0 


(b) Cooling Curve Method.—A mass of the 
1 Kolid i s t-iken in a small calorimeter and is heated 

II in a water or oil bath, as the case may bo, until 

r . , . th 0 whole is melted and the temperature rises a few 

F ' B ‘ '' degrees above the melting- point. The bulb of a 

thermometer is kept immersed in the liquid. The 
, - mp u r placed on a piece of cork inside a larger vessel and is 
aUowed to cool undisturbed. The temperature of the substance in the 
calorimeter is noted at regular intervals, say half a minute as the 
cooling proceeds. At a certain temperature, solidification sets in and 
the thermometer records a constant temperature until the whole mass 

is solidified. After this the temperature decreases again and the 
observation is continued for some time alter the whole mass is solidi- 
tied A curve is now plotted with time as abscissa and temperature as 
ordinate. The general form of the cooling surve is as shown in fig _47 
It would bo noticed that during the process oi solidification the portion 
of the curve is practically parallel to the time axis, which indicates a 
constant value for the tamperatuie during the period. If the.solid is 
heated again, it would be found that at a certain temperature the solid 
beings to molt and the temperature remains constant uutil the whole 
mass of the solid has molted. The temperature which remains constant 
during the process of eolidifieation as well as of fusion is found to he 
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the same. This is termod the melting point* of the particular solid or 
the freezing point of the corresponding liquid. 

There are certain substances, such 
as glass, pitch, wax, fat, etc which are 
solid at ordinary temperatures bub on 
being heated they pass before melting 
through a plastic or viscous state, 
intermediate between solid and liquid. 

This state may extend over a consi¬ 
derable range of temperature, depending 
on the particular substance. Again there 
are certain liquids such aa glycerine, 
acetic acid and some other organic acids 
and oils, which pass through an inter¬ 
mediate viscous state before changing 
into solid state. These liquids have, 
therefore, no definite solidification point. 

In case of a substance which is a 


t 


!. 
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o. 
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Time in Mmurei 
Fig. 47—Cooling Curve 


mixture of different substances e g., paraffin wax, we do not got a 
single level step in the cooling curve, as shown in fig, 47, but a series 
of level steps. 

60. Change of Volume on Fusion and Solidification.—A 
substance always changes in volume on melting. In general, a subs¬ 
tance expands on melting and contracts on solidification. There are, 
however, a few solids, e g., ice* cist iron, bismuth, antimony, which 
contract on melting. In the former case, the solid sinks in the resul¬ 
ting liquid and in the latter the solid floats on the corresponding 

j . ■ j 

The expansion of water on freezing is very nearly 9°o so that 11 
parts by volume of water at 0 C. become 12 parts by volume of ice at 
the same temperature, which means that, I c.c. of water at 0 C. forms 
1'09 c c. of ice at O’C. Ice therefore, floats on pure water. A tumbler of 
water with a lump of ice floating on it is taken. The level of the water 
is noted. Ice gradually molts away. The volume of water formed 
by the melting of ice is less by I’rth of the volume of ice, also tho 
volume of ico above water is rith of the total volume of ice taken. 
Hence tho volume of the water formed by tho molting of ico exactly 
occupies tho space formerly occupied by tho immersed portion of ico ; 
so there is no change in the level of the water in the vessel when the ico 
melts. 

If water is contained in a closed space, its expansion on freezing 
takes place with a great force A hollow ball of stout cast iron is com¬ 
pletely filled with water, closed with a screw stoppor and is placed in a 
freezing mixture of ice and salt. After a time the water inside the ball 
freezes when the ball bursts asunder with a orackling sound. If a bottle, 
completely filled with water and tightly corked, bo kept in open air on 
a frosty night, it would burst. In cold countries water pipes may burst 
during a frost owing to the freezing of water inside. 
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If water would contract on freezing, the ice formed would go 
to the bottom and a fresh layer of water would freeze ; bo during a 
frost in cold countries rivers, lake9, etc would be converted into blocks 
of solid ice and all aquatic animals would perish. But ice being lighter 
floats on the surface of water averting such a calamity. Also ice, being 
a bad conductor of heat, does not allow all the heat of water below ice to 
pass out and so the water does not freeze to a very great depth how¬ 
ever low might he the temperature above. Cast iron expands on solidi¬ 
fication : a lump of cast iron therefore floats on the molten metal. In 
an iron casting, the rnas9 of molten iron expands on solidification and 
is forced into intimate contact with every part of the mould, so the 
castings are very sharp and well-defined in outline. 

61. Effect of Pressure on Melting Point. — The melting. point 
of a solid is found to depend on the pressure to which it is subjected. 
The nature of the effect is as follows : substances which contract on 
melting e.g., ice, have their melting points lowered by increase of pres¬ 
sure ; while substances which expand on melting e g., paraffin wax, have 
their melting points raised by increase of pressure. 

The above facts might be expected from a simple consideration. 
Ice contracts in volume on melting. External pressure tends to 
decrease the volume and therefore to help the process of melting. Hence 
under increased pressure ice melts at a lower temperature. It has been 
< h 1 abated that the melting point of ice at O'C is lowered by about 
t/ >i)73°C. for an increase of pressure of one atmosphere, that is to say 
that the melting point of ice is lowered to —1°C. by a pressure of 
about 137 atmospheres. 

Again paraffin wax expands on melting ; external pressure tends to 
decrease the volume and therefore to oppose the process of melting. 
Henco under increased pressure its temperature is raised to bring 
about fusion. This is truo for all substances which expand on melting. 

Ilegelation. — If two pieces of ice are pressed together for a few 
seconds, then on releasing the pressure, the pieces are found to be 

frozen together at the region of contact. The pressure 
lowers the melting point of ice and so the ice melts at 
the surface of contact. On releasing the pressure, the 
melting point rises again and the water formed freezes, 
binding the two pieces. The phenomenon of the melting 
of ice due to pressure and the subsequent re-solidification 
when the pressure i9 removed, is known as regelation 
{re, again : gelare, to freeze). This was first noticed 
by Faraday. The lowering of the melting point of ice 
by inert-ased pressure can be demonstrated by the follow¬ 
ing experiments. 

Mousson’s Aapparatus.—This consists of a stout 
iron cylinder A (Fig 48), closed at one end with a screw 
plug and fitted at the othor with a screw plunger P. 
The cylinder is partly filled with water which is frozen by placing the 
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cylinder inside a mixture of ice and salt. A small metal ball B is then 
placed on the top of the ice within the cylinder which is now closed by 
the screw plunger. The whole is then surrounded by melting ice and 
pressure is gradually applied by working the plunger in. When the 
screw at the bottom is taken out, the metal ball is found to come out 
first. This shows that during the application of pressure ice melted 
and the ball went down ; hence the melting point of ice is lowered by 
the increased pressure. When the pressure is released, the water 
freezes again, leaving the ball at the bottom. 

Bottomley’s Experiment. —A large block of ice is placed on a 
suitable support (Pig. 49). A loop of wire with a heavy weight attached 
underneath is passed over the block near about its middle. It is found 
that the wiro cuts its way slowly through the block and ultimately 
passes out. The block, however, remains unbroken, the track of the 
wire being markod by a soction of ico. 

It can be explained thus The ice just under the wire being sub- 
jected to great pressure has its molting point lowered and therefore it 
melts The latent heat necessary for the melting of ice is taken practi¬ 
cally from the surrounding ice. Hence the temperature of ice near 
the wire gets below 0°C. The wire passes down and the water 
produced flows above. The water is now free from pressure and since 
its temperature is 0"C. in contact with ice below O'C., it freezes again 
and thus joins the two surfaces of ice together. 

As the heat necessary for fueion is to bo partly con¬ 
ducted through the wire from the upper to the lower side, 
the wire passes heat more rapidly if it be made of a better 
conductor ; thus, a coppor wiro cuts through more 
quickly than iron wire of the same diameter and a piece 
of thread will cut through vory slowly. Snow balls can bo 
forrnod by pressing pieces of snow. The markings of the 
slato or of the wheels of a heavy cart on ice can be simi¬ 
larly explained. The motion of glaciers may be attributed 
to some extent to this cause. The layer of ico at the 
bottom of the glacier being subjected to a very great 
pressure melts and the water oozes out but re solidifies. 

Thus the bottom being soft, the glacier begins to move 
down the incline. 

62. Freezing Mixture. —The process of the solution of a solid in 
a liquid is akin to a change of state. Thus> if a quantity of sugar or 
any salt is dissolved in water, the necessary heat for solutiou is taken 
from the water and the solution, therefore, cools down. When com¬ 
mon salt is mixed with ice, a quantity of salt goes into solution absorb¬ 
ing some heat from ice. Thus the mixture would have a temperature 
below 0°0. This is the principle upon which freezing mixture acts. 
Thus by dissolving crystals of sodium sulphate or ammonium nitrate 
in cold water» a temperature of - 15°C can be obtained. 
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When the temperature of the freezing mixture fallB below 0 0 and 
some salt goes into solution, there is an internal pressure due to dis¬ 
solved salt, acting within the solution. This is called the solution 
pressure. This solution pressure helps to liquefy more ice and then an 
additional quantity of salt goes into the solution absorbing more heat 
from the mixture. This explains the lowering of temperature of a free¬ 
zing mixture. Ultimately an equilibrium of temperature is attained 
when the rate of supply of heat from the surrounding atmosphere is 
equal to the rate of absorption of heat due to the dissolved substance. 
This is the minimum temperature attained by the mixture. 


Some Freezing Mixtures 

Ingredients Ports by weight 

Temp, or the mixture 

Ammonium Nitrate 

.. 10 1 

—17-4°C 

Ice 

..10 ) 

Powdered ice 

.. 10 1 

— 22° C 

Common salt 

.. 1 f 


Calcium chloride 

..10 1 

— S.»°C 

I CO 

.. 2 f 

Carbon dioxide (solid) 

.. 4 1 

- O t 

Ether 

.. 1 f 


When accumulated ice melts, it absorbs the latent heat from air 
whereby the temperature of the air falls and fog is formed. Again when 
ti liquid passes into the solid state it gives out the latent heat. Thus 
during a snow fall, the moisture in the atmosphere changes into snow 
and gives out the latent heat, whereby the air feels warmer. 

63. Laws of Fusion — (l) A solid under constant pressure begins 
to - melt at a certain temperature which is constant for the same solid 
and which is called the melting poijit of the solid at the given pressure. 
The melting point of a solid is the same as the solidification point of 
the corresponding liquid. 


(2) The rate of fusion is proportional to the supply of heat but the 
temperature of the solid remains constant at the melting point until 
fusion is complete. 


(3) If a substance expands on melting suoli as paraffin wax, its 
melting point is raised by pressure. If the substance contracts on 
molting, such as ice, its melting point is lowered by pressure. 

(4) Until mass of each substance absorbs during fusion a definite 
quantity of heat, known as its latent heat of fusion, which is constant 
for the particular substance molting under the same conditions. 

64. Vaporisation and Liquefaction.—The change of a sub¬ 
stance from the liquid to the vapour or gaseous state is known as 
vaporisation ; while the change of a substance from vapour to liquid 
is known as liquefaction or condensation. 

According to the circumstances under which it takes place, the 
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process of evaporation is distinguished as ( i ) evaporation and (it) 
ebullition or boiling. 

Evaporation—If some water contained in a shallow dish be left 
at the ordinary temperature in a fairly dry room or in the open air, 
the quantity of water is found to decrease gradually and to disappear 
ultimately. Methylated spirit, turpentine, ether, etc., disappear much 
more rapidly. In all these cases the liquid gradually passes into the 
gaseous state and as the mass of the liquid is not disturbed, the change 
must he taking place at the surface of the liquid. The process is known 
as evaporation. Evaporation, then, is a slow change from the liquid to 
the gaseous state which takes place at the surface of the liquid and 
at all temperatures. It is found from above that in an unlimited space 
such as open atmosphere, the process of evaporation goes on conti¬ 
nuously until the whole of the .liquid is changed into vapour. But in a 
closed or limited space, it would be found that after some time the 
liquid does not further decrease iu volume. This shows that under 
definite conditions a limited space can contain only a limited quantity 
of vapour. 

Ebullition or Boiling.— Let us take some water in a glass flask 
closed with a stopper through which an exit tube is fitted and a 
thermometer is inserted into the water. As the tlask is heated o\er a 
Bunsen’s flame, the mass of the liquid gradually rises in temperature 
and the rate of evaporation is also found to increase. On tho inside of 
the walls of tho flask some bubbles appear which becomo larger with 
rise of tomperature of the liquid and finally detach from the walls of 
tho flask and rise towards tho surface These are bubbles of air 
dissolved in the liquid. As temperature further rises, bubbks of steam 
form at the bottom of tho flask and while rising up they i collapse and 
condense with a sharp click which causes the water to simmer . As 
the tornporature of the liquid increases, bubbles roach the surface of 
tho liquid when simmering cease. Bubbles of steam are then found to 
escape vigorously throughout tho mass of the liquid and tomperature of 
tho water is found to remain steady. The water is now said to bo 
boiling or in a state of ebullition, 

Thus ebullition or boiling is the rapid change of a substance from 
tho liquid to the gaseous state which takes place throughout the mass 
of the liquid and at a definite temperature, under given conditions, for 
a particular liquid. The temperature remains constant throughout the 
process provide! the pressure remains unchanged. Tho boiling point 
of a liquid is a particular tomperature, at which it changes from liquid 
to vapour under definite conditions and which remains constant so long 
boiling goes on. Different liquids have different boiling points 

If a quantity of water which has been previously boiled to drive 
away dissolved air be allowed to boil, it may sometimes bo found that 
there is no continuous bubbling. For suddenly a largo bubble forms 
and bursts forth so as to throw the water violently upwards. The 
temperature of the liquid fluctuates slightly. Tho liquid again remains 
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rjuiescent and similar boiling takes place after an interval. This is 
known as boiling by bumping. If a small piece of cotton or a frag¬ 
ment of glass or porcelain be introduced into the liquid, bumping ceases 
and continuous boiling takes place ; then bubbles of 9team are given off 
from the surface of the substance- 

Distinction between Evaporation and Ebullition. —The follow¬ 
ing are the distinguishing features between evaporation and ebu¬ 
llition.— 

(t) Evaporation is a slow process but ebullition is a rapid one. 

(ii) Evaporation takes place at the surface of a liquid while ebul¬ 
lition occurs throughout its mass. 

( iii ) Evaporation takes place at all temperatures while ebullition 
occurs at a definite and constant temperature, called the boiling point, 
depending on the nature of the liquid and the general conditions. 

Similarity between Fusion and Ebullition.— The following are 
the points of similarity between fusion and ebullition.— 

(i) The temperature remains constant throughout each process. 

(ii) Tiie latent heat is absorbed during each change. 

f?ii) There is usually an increase in volume during each change. 


-lust as pure liquids may be cooled under suitable conditions 
h h.' the normal freezing point Without solidification taking place, so 
:• 1 - ili6% may bo heated abovo their boiling points without boiling. 

y) The freezing point as well as the boiling point of a liquid 

change with pres ure. 

vi) The freezing point of a solution is lower than that of the pure 
solvent und the boiling point of solution i^ higher than that of the pure 
solvout, the difference in each case being approximately proportional to 
the concentration of the solution ; e g , a saturated solution of common 
salt freezes at about - and boils at 10S°C. 


05. Factors influencing Evaporation.—The rate of evaporation 
of a liquid is experimentally found to depend upon the following 

factors : — 

a) The nature of the liquid. — The lower is the boiling point of 
i liquid, the greater is the rate oi evaporation. 

(h) The tc ‘iperaturc of the liquid .—The higher is the temperature 
of the 1 •'”ii h the more rapid is the evaporation. Thus liquid medicines 
contaii in,; ‘.nlatile ingredient- are labelled ‘to bo kept in a cool place - , 

!o j»io\«.Lt ■ Ifr) evaporation. 


7 t J i no exposed surface. — As a general rule, tho larger is 
a* a.a i • lie surface of the liquid exposed to air, the quicker is tho 
> 1 i point ion : eg., a given quantity of a volatile liquid will 

• ipointo more rapidly when eontuiued ia a plat* than in a tumbler. 


yd) The pressure on the surface 
surface, tho higher is tho rate of 
evaporation is extcreuiely rapid. 


—The less i-- the pressure on the 
evaporation. Thu- in vacuum the 
J n pharmaceutical works, liquid 


ART. 65 


CHANGE OP STATE 


407 


extracts are rapidly concentrated and solid extracts are manufactured 
by the process of evaporation in vacuo. 

(e) The pressure of the vapour in air close to the liquid surface.— 
The less is the quantity of the vapour already present in a given volume 
of the air, the greater is the rate of evaporation. The water evaporates 
more rapidly in dry than in damp air. For this reason wet linen and 
muddy roads dry more quickly in winter than in wet seasons. 

if) The renewal of the air in contact with the surface of the 
liquid. — When the layer of air above the liquid surface, charged with 
the vapour, is removed either by wind or mechanically, say by a tan 
a fresh layer of air comes in the place and helps evaporation wine 1 
thus proceeds rapidly and continuously. Hence wet linen dry more 
rapidly on a windy than on a calm day. 

Factors influencing Boiling Point.—The boiling point of a liquid 
is influenced more or less by — 


(а) the vapour pressure on the surface of the liquid. 

(б) the presence of any dissolved impurity.— solid, liquid or gaseous. 
It is for this reason that in determination of the boiling pom, of a 
liquid, the bulb of the thermometer should be placed in the vapour 
of the liquid and not in the liquid itself. Again the boiling point of a 
solution is always higher than that of the pure solvent. 

(c) The boiling pont depends to a small extent on the material of 
the vessel and degree of cleanness of its inner surface. 

66. Vapour Pressure.—The vapour of a liquid formed at any 
temperature exerts pressure like a gas, which is called the vapour 
pressure of the liquid at the corresponding temperature. 

Take two barometer tubes A and B (Fig. 50), each about a metre 
long completely filled with pure dry mercury. Closo the open end and 
invert both of them over a trough containing pure dry morcury. Clamp 
both the tubes vertically side by side. The morcury in both of them 
stands at the same level. The height of the morcury column from the 
surface of mercury in the trough indicates the atmospheric prossuio at 
the time. The space above morcury in each tube is Torricellian vacuum 
and contains only mercury vapour, having negligible pressure. 


Into one of the tubes, say B, introduce one drop of water by means 
of a small bent pipette. The water being lighter rises to the 
top of tho morcury column and is immediately evaporated, l ho level 
of tho morcury column in B comes down to some extent. This 
indicates that the vapour formed, exerts pressure within the closed 
space of B and the difference of mercury levels in A and B measures 
the pressure of the water vapour. 

Again introduce one or two drops of water into it. The water eva¬ 
porates and the increased quantity of vapour exerts greator pressure, 
as is shown by a further depression of the morcury column. Continue 
adding water till a thin layor of water at C appears on tho surface of 
the mercury column, showiug that tho liquid does no longer evaporate* 
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From the difference o£ the heights of the mercury columns, the pressure 
exerted by the vapour at the time is obtained. Introduce a few more 
drops of water ; the mercury column is no longer depressed which 
indicates that the pressure exerted by the vapour has reached its 
maximum value. 

This shows that a closed space can hold only a limi¬ 
ted quantity of vapour under given coeditions. In this 
condition the spice is said to be saturated with the 
vapour. Hence, if in a closed space the vapour remains 
in contact with its liquid, the space is definitely satura¬ 
ted with the vapour. The pressure exerted by saturated 
vapour is consequently maximum and is referred to as 
the maximum vapour tension or saturated vapour pressure 
at the given temperature. 

When a space contains less than the maximum 
amount of vapour that it can possibly contain at the 
given temperature, it is said to be unsaturated and the 
pressure now exerted is known as the unsaturated vapour 
pressure. It is evident that at a given temperature the' 
pressure of unsaturated vapour is less than that of the 
saturated vapour. If the above experiment be repeated 
with different liquids, it will be found that at any given 
temperature, the saturated vapour pressure of different 
liquid is differetit. 

07. Effect of Pressure on Saturated and Unsaturated 
\ up tui s. Any vapour in contact with its liquid in a closed space is 
always saturated. It is found that saturated xap.our does not obey 
Boyle's law but unsaturated vapour does. 

(l) Effect of Change of Volume of Saturated vapour at Constant 
Temperature, —Take a clean barometer tube and filling it completely 
with pure dry mercury invert the tube over a deep cylindrical trough 
1). (Pig. t)l) also containing puro mercury. Introduce sufficient water 
into the tube so that the mercury column is depressed to the maximum 
extent by rho water vapour and a layer of water remains on the 
mercury column. The volume of the enclosed vapour is proportional 
to the length of the space abovo the mercury head and the difference 
between the heights of the mercury column and the barometric height 
gives the pressure of the vapour. 

Now push the tube gradually into the trough and observe the height 
ol the mercury column. Note that as the space above the mercury 
co.umn occupied by the vapour is decreased, more and more of the 
vapour is condensed into water, but the height of the mercury column 
irom tho surface of the mercury in the trough remains unaltered, show¬ 
ing that the pressure of saturated vapour does not change with volume. 

Again gradually raise the tube, taking care that its open ond is 
always under mercury and that some water is left on the surface of 
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mercury. As the inside volume is increased, 'some of the water quickly 
evaporates to saturate the space but the height of the mercury column 
from the mercury in D remains the same. This indicates that the 
saturated vapour pressure is unaltered. This takes place until the 
volume of the space above mercury is increased to such an 
extent that the whole amount of water gets evaporated. 

Any further increase in the volume would make the space 
unsaturated and the pressure of the vapour would bo 
proportional inversely as the volume following Boyle 6 law. 

The above experiment indicates that at constant tem¬ 
perature the amount of vapour necessary to saturate a 
space is proportional to the volume of the space hut the 
pressure exerted by the saturated vapour remains the same 
whatever be the volume of the apace. Hence at constant 
temperature the pressure exerted by saturated vapour is 
independent of its volume which means that saturated 
vapour does not obey Boyle’s law. 

(*) Effect of Change of volume of Unsaturated Vapour 
at Constant Temperature. —Take the same apparatus as 
in fig. 51. Introduce a drop or two of water into the tube 
and observe the depression of the mercury column as the 
wator evaporates. Raise the tube until the water is com¬ 
pletely evaporated ; now raise the tube a little further to Fig. 51 
be sure that the space above the mercury becomes com¬ 
pletely unsaturated. Now gradually raise the tube, taking care that 
the open end remains always under mercury. Note that as the volume 
of the vapour is increased, the height of the mercui y column increases, 
which indicates that the pressure of the enclosed vapour decreases. Bind 
the pressure of vapour in each case and noto that the product of the 
volume and the corresponding pressure of the vapour is practically 

constant. 

Again push the tube gradually into the trough Olsorvo that os the 
volume of the vapour is decreased, the height of the moreury column 
decreases, indicating an increase in the pressure of the vapour. Noto 
that in this case the product of the volume and the corresponding 
pressure of the vapour is practically constant. This goes on until the 
diminished space becomes saturated with the vapour contained when 
liquid would appear and the pressure would bo the maximum for that 
temperature. Any further decrease in volumo will not change the 
pressure, only more and more of the vapour will be condensed. Henco 
at a canstant temperature the product of tho volumo and tho pressure 
of unsaturated vapour is approximately constant t c , uusaturated 
vapour approximately obeys Boyle’s law. The above facts can bo 
verified with vapour of any other liquid. 

68. Effect of Temperature on Saturated and Unsaturated 
Vapours. —It would be found that saturated vapour does not obey 
Charles’ law but unsaturated vapour does. 
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(1) Change of Temperature of Saturated Vapour. —Take two baro¬ 
meter tabes A and B filled with pure dry mercury and invert them over 
a mercury through C (Fig. 52). Jacket the tubes by a water glass tube 
J, reaching almost upto the mercury surface and having its lower end 
closed by a cork through which the tube passes. The jacket contains 
water which can be heated by introiucing steam through a glass tube 
reaching almost down to the bottom and the temperature is noted by a 

thermometer T, suspended within the jacket. Fill the 
jacket with water at room temperature. The height of the 
column of mercury from the mercury surface in the trough 
gives the barometric height at the time. Introduce suffi¬ 
cient water into one of the tubes, say B, by means of a 
bent pipette, so that the mercury colomn is depressed to 
the maximum extent and a layer of water remains on the 
mercury column. The difference in height of the two 
columns gives directly the saturated vapour pressure at the 
temperature of the bath. By putting the tubos within the 
same bath both the mercury columns are equally affected 
by a change of temperature. 

Now lower the temperature of the bath by putting ice 
into it. Note that as the temperature falls, more and more 
of the vapour is condensed and the height of the mercury 
column increases which indicates that the pressure of the 
vapour, which is always saturated, decreases ns the temp¬ 
erature falls. Tho difference in the heights of the mercury 
columns in tho two tubes gives directly the pressure of tho 
vapour at the corresponding temperature. Again raise the 
temperature of the bath by passing steam into it Note that as tho 
temperature rises, more and more of tho water is evaporated and tho 
mercury column gradually goes down. This indicates that the pressure 
of the saturated vapour increases with a rise of temperature. Tho 
experiment can bo continued upto a temperature till tho water is just 
completely evaporated, after which the vapour becomes uusaturated. 

It is to bo remembered that the pressure of the saturated vapour is 
not affected by a change of volume so long as tho temperature remains 
constant. Therefore tho pressure of saturated vapour changes with 
change of temperature, but not according to Charles' law, boing always 
equal to saturated vapour pressure at the particular temperature, which 
moans that saturated vapour does not obey Charles’ Law. 

t‘2 ) Charige of Temperature of Unsaturated Vapour.— Tho apparatus 
which can be conveniently used for the purpose consists of a wide 
graduated tu »c Ah f big. o3), having at one end a funnel tube E provided 
\Yit:i stopco S, and S*. The lower end of AB is connected by a 

i nek wallc .’ ilexiblo rubber tubing to another glass tube DE which is 

< . u at t fop. The lower parts of AB and DF and the whole of the 
•abber ul are tilled with pure dry mercury. The tube AB is jacketted 
by U wide glass tulio .7 closed at the lower eud by a cork through which 
tho lower end of AB passes. The jacket contains water which can be 
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heated by passing steam into it by a glass tube I, reaching almost upto 

the bottom of the bath ; the temperature is given by .he thermometer 

T. The jacket tube is held vertically by the clamp C fixed to a suitable 
stand. The tube DF can be moved up and down along a vertical stand 
against a metre scale and can bo clamped at any position. 

Open S lt S* and raise DF until mercury in AB 
comes out of S,, so that the air in AB is completely 
driven out. Close the stop cocks and lower FD until 
the mercury level in AB goes down sufficiently to leave 
a vacuous space above the mercury surface. Evidently 
the difference in the mercury levels in AB and Dt is 

the barometric height at the time. Put some liquid, 
say water in the funnel; open S t when some of the 

liquid occupies the space between S t and b 2 . '-'lose 

S t and then open S, so that a very small quantity of 
water is discharged into the vacuous space in AB and 
gets at once evaporated. Observe that the level of 
mercury in AB sinks down owing to the pressure ot 
the unsaturated vapour. Increase the space above 
mercury a little more by lowering FD to be sure that 
the space becomes uusaturated. Note down the 
position of the mercury level in AB The difference in 
the mercury levels in AB and DF subtracted from the 
initial difference ie., the barometric height, gives the 
pressure of the unsaturated vapour at the temperature. 

Now gradually raise the temperature of the bath 
by passing steam into it and at intervals maintain the 
temperature constant for some time by regulating the 63 

flow of steam. Observe that as the temperature rises, . 

the mercury column in AB is depressed more and more. Raise DI 
each time till the mercury lover in AB comes to the original P° sltl ?& 
nr. that the volume of the vapour is kept constant. Note that the 
difference in the mercury levels in AB and DF gradually decreases 
which indicates on increase in the pressure of the vapour. It is found 
that the increase of pressure with temperature takes place approximately 
according to Charles’ law. If the temporaturo of the jacket is decreased 
and if the volume of vapour is kept constant by lowering DF, the 
pressure of the vapour is found to decrease with a fall in temperaturo 
approximately according to Charles' law. This goes on, till for a 
certain temperature the space become saturated with the vapour con¬ 
tained. If the temperature is further decreased, tbo pressure falls at 
a quicker rate, being always the saturated pressure for the temporaturo 
in question. It is found therefore, that with change of temperature, 
the pressure of unBaturated vapour changes according to Charles' law, 
which means that the unsaturated vapour approximately obeys Charles’ 
law. The above facts may be verified with vapour of any other liquid. 

69 . Distinction between Saturated and Unsaturated Vapours. 

— When a space contains the maximum quantity of any vapour whioh 
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can be possibly contained in the volume as the given temperature, the 
space is said to be saturated with the vapour. The pressure exerted 
by the saturated vapour is the maximum for that temperature- The 
presence of some of the liquid in a closed space ensures that space is 
saturated. If the space does not contain the maximum possible amount 
of vapour at the given temperature, the space is then unsatutated with 
the vapour. 

At constant temperature, the pressure of saturated vapour does not 
depend on a change of volume. If the volume is decreased, some of the 
vapour is condensed, but the pressure remains the same. Again if the 
volume i9 increased, some of the liquid at once evaporates to saturate 
the space, the pressure remaining the same as before. In case of unsa¬ 
turated vapour, a change in volume at constant temperature produces a 
change in pressure approximately according to Boyle's law. If the 
pressure is increased, the volume decreases ; this goes on until the 
volume become saturated with the vapour, after which the pressure 
can not be changed any further but any attempt to compress the volume 
would condense more and more of the vapour. Saturated vapour, therefore, 
docs not obey Boyle's law but unsaturated vapour does approximately. 

If the temperature of saturated vapour in contact with its liquid is 
increased, moro and more of the liquid evaporates, the pressure increases 
with temperature, being always the saturated pressure at the particular 
temperature. If the temperature is decreased, some of the vapour is 
condensed, the pressure falling to the saturation pressure for that tem¬ 
perature. The change of pressure in either case does not, however, 
take place according to Charles' law. But in case of unsaturated vapour, 
the pressure changes with temperature approximately in accordance 
with Charles’ law. If the temperature decreases, the pressure decreas¬ 
es till at a certain temperaturo the space becomes saturated with the 
vapour present. On further lowering the temperature, more and more 
of the vapour is condensed, the pressure each time coming to the 
saturated pressure at the particular temperature. Saturated vapour, 
therefore does not obey Charles' law but unsaturated vapour does 
approximately. 

The following Table supplies the saturated vapour pressure of 
water with corresponding temperature.— 

Saturated Vapour Pressure of water with Temperature 


Temp. 

°C 

Pres?. 

nun. 

1 

Temp. 

c o 

Press. 

mm. 

Temp. 

°0 

• 

Press. 

mm. 

4 

0 54 


16 

1462 

28 ; 

29*94 

6 

7 5 1 


18 

16*46 

30 

33*67 

8 

661 


20 

18*62 

32 

87*69 

10 

9‘84 


22 

2102 

i 34 

42*02 

12 

11*23' 


24 

23*69 

3ft 

46*90 

14 

1273 


26 

26*65 

88 

» 

52*26 | 

V 
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70 Pressure by a Mixture of Gases and Vapours.—Take 
the same apparatus as in Fig. 53. Keep the jacket tilled with water 
at theZmtemperature. Open S. and S, and draw a quantity of dry 
air into AB. Adjust DF. so that the mercury in AB and DF is at the 
l l ThA air in AB is now at atmosheric presure. Mai k the 

nf the maioury in AB. Put some ether in the tunnel and in¬ 
troduce through the etop cocks sufficient liquid into AB so as to leave 
some of it une 8 vaporated. Observe that » 

depressed by «.e f^cVto ^lorlrpoei'tfon. As the volume 

of e the» y iru'the same as beiore, its pressure U equal to^ ho herF- 

pressure. The difference ofmercury ^levels F aud AB,^^ 

fore, equal to th 0 pressure DF fciU the air< the other vapour 

Again ope i driven out of AB, some only being left on 

and a little of the ether are a sufficiently 

the mercury surface in AB Close • Sa «d B. ^ ^ Dp 

to get the ether evaporate^ ^ d th B ough DF is lowered still further. 

and AB rema ^ 9 in AB. This difference gives the pressure 

prodded l V a P iur at the room temperature, when formed 

o io a found that the -pressure of the saturated ether vapour 

at l~cu£ Unsure, wHefer formed in ~ or.,, presence 

° /a i('in tlm a S bo“e experiment the volume of the space over mercury in 
AB be increased or decreased by lowering or raising DF the total pres¬ 
sure due to air and vapour will be found to change. But n the "Iter¬ 
ation in pressure due to a change of volume of the air, as given by 

Boyle's law, be taken into account, the pressure due to the vapour alone 

ohlUg.'in'Soloofe, tbo total pr.99.r-i, IoppJ to rl.-pg. oocordmg to 
Twin's law If the experiment be repeated with water or any other 
liquid similar result will bo obtianod Again if the saturated pres- 
sures of two liquids be separately determined in a closed space, the 
saturated pressure, when both the liquids are simultaneous y present 
in a given volume, would be found to be equal to the sum of the pres- 
sures exerted by eaoh, provided there is no chemical action between the 
two. The results, summarised in Dalton s Law, are given below. 

Dalton’s Laws of Vapours.—The laws of Parliil Vapour Pressure, 
known as Dalton's Law, may he stated thus : 


(1) The saturated pressure of a particular vapour in a closed space 

at a given temperature depends only on this temperature and is inde¬ 
pendent of its volume or of the pressure of any other vapour or gas, 
provided they do not chemically react with each other. 

(2) The total pressure oxerted in a closed space by a mixturo of 
gases and vapours having no chemical action upon one another is the 
sum of pressures which each would separately exert if it alone occu¬ 
pied the whole space at the existing temperature. 
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The first law applies only when the space is saturated while the 
second law holds good whether the space is saturated or not. 

Examples :— 

1 Two bulbs of volumes 1 litre and -2 litres are connected by a tube of narrow 
bore Initially the air inside the two bulbs is at 0°C. and iG cm. pressure. TIi 
smaller bulb is alone raised to the temperature of 100 C. AYhat is^^the_pres^^ 

inside the system ? ' ^ U ' ‘ ~ 

A. Suppose that the smaller bulb is isolated and then raised to lOO C. Then 

at this temperature, the pressure ins.de the bulb » given by 76 (1 + ™ X Tf p ^ 
cn Now let the bulb be connected to 5 litres bulb supposed to be empty. If li be 
the pressure of the bulbs of total capacity 3 litres, then from Boyles law. 


70 (1 + 100 X -00366) X 1 = P-. X3 


„ 76 X 1 • 366 

whence 5- cm * 


Again suppose that bigger bulb is isolated, the pressure inside being 76 cm. It 
is connected to smaller one supposed to be empty. Then from Boyles law, if 1 = 
be the pressure of the system. 


7 


6 x 2 = Pa X 3 whence 


76X2 
_ cm 


From Dalton’s law or Partial Pressures, the total pressure of the system then 

7 , . „ _ ™ X D306 76 X 2 _ = R5-272 cm . 

11 ‘ r - 3 3 

71. Vapour and Gas : Critical Temperaturc.-Thera is uot 
a hard-and-fast distinction in the use of the two terms. Geae l 
vapour is us-d to moan the gaseous state of a substance which> ib liquid 
or solid at ordinary temperature and pressure : for example. !vater 
vapour, ether vapour, alcohol vapour, vapour of iodine or of camphor 
The word gas generally denotes a substance which under ordinary 
to npsrature and pressure remains, in the gaseous state e g., oxygen, 
nitro"on, etc Again a vapour can bo easily liquefied at the ordinary 
to..nperaturo by increase of pressure alone, while a gas under Bimilar 
conditions would he more and more compressed. . - 

It is found that a vapour cannot be liquefied by pressure if it be 
above a particular temperature, depending on the nature of the vapour, 
however great the pressure may bo. Hence above this temperature the 
vapour behaves like a gas. obeying Boyle’s law. On the other band, a 
so-called permanent gas. eg , hydrogen or oxygen, if cooled below a 
certain very low temperature, can bo liquefied by suitable pressure, so 
that below this temperature the gas behaves as the vapour of its liquid. 

There is then tor every substance in the gaseous state a certain 
temperature such that the substance can be liquefied by suitable pres¬ 
sure alone if it be below this temperature ; but it can not be liquefied 
if it ho above the temperature, however great the pressure may be. This 
temperature is known as the critical temperature of the gaseous 
substance. Hence a substance in the gaseous state below its critical 
tomporaturo behaves liko a vapour and above this it behaves as a gas. 
In other words, a gas is simply a vapour above Us critical temperature. 
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The critical temperatures of, c!" Each gas must 

th^refte 6 re h^ a colt holow it,'critical Oa.per.ture before it cau he 

liqU CHUc^ Prtss P nr e :;-The pressure reared to U,u.fv a g a, at its 
critical temperature is called its criHcal pressure. 

«=*' :a5 

its critical volume . 


on 

20 


rr;— ^ di PP i..« . ^ < y ,c. 

water is introduced, a part of ". l,lc ‘ n .^‘‘“whut is'the height of the column "hen 
mercury column is now found to U- jO cm. * to I' df .In- 

the tube is depressed so n» to temperature of the time = .0 cm. and 

/^S-^urprcssurc of water at ->,«'= .W> mm.). 

A. Pressure of air and saturated vapour inside = 70 - 70 - 0 cm. 

Initial pressure only cf air = G — 1* '*> — 4 cm ' 

.. ~=:r r=.-JW £=: s ~~ s== . 

Let the new length of the mercury column _ h cm. 

Thus, h +.8-5 + l-7o = 70 "’ hc “ ce * = ^ ^ ^ . . . . , 

2. 500 e.c. hydrogen is collected over water 

is 702 mm. Calculate the "eight^/J.'^^itcr pressure at $.*» a C = ^•55 mm ). 

K. T. r. = 0‘0i) gm. per litre, saturation i (Mail. l\— lWUi 

n • l «vi.r wiilcr I lie cas is sultiralcil wiln 
A. Since hydrogen is mixllirc is the sum of the individual p.v^ure. 

Iir^d by hydrogen alone at ««C ami having a volume of 
500 c.c. be p. 

Then according to the condition of experiment, ,+ «•*, = *» mm. : "'-nee 
p = 738*45 mm. 

738*45 X 500 _ 700 X_u 

Then from Boyle's law, ^ “ 073 

whence v — 445-1 c.c. at N. T. P. 

The weight (mass) of hydrogen of volume 445-1 c.c. 

= 445-1 X *00009 = 0-04 gin. approximately. 

3 The uniform tube 80 cm. long and 1 sq. cm. in cross-section is Idled with 
mercury and U inverted over » mercury trough with the open end . . cm -h he 

mercury. The height of the '™, “^ia'lcto,1» pnsxurc of ^'ter xa^r 

CSixs Mr '.:.t „> u^ic ? 


/ 
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A. Length of space above mercury = 80 — (3+ 74-4) = 3-G cm. 

Volume of the water vapour = 3-6 c.c. 

And its pressure = 76 — 74 • 4 = 1 •6 cm. of mercury. 

Let the volume of the vapour at atmospheric pressure be v c.c. 

Wien 70 X i’ = 1-6 X 3-6 whence v= -07 c.c. 

4 . A muss of air is saturated with water vapour at a temperature of 100°C.j 
on raising the temperature to 200 e C. without change of volume the pressure is raised 

to two atmospheres. Find the pressure at 0°C. of this volume of the dry air alone. 

(Pal. U.—1926) 


A. Let the pressures of dry air at 0 C C. and 100 e C, be P« cm. and P cm. of 
mercury respectively. 

Now the pressure of saturated water vapour at 100°C. = 76 cm. 

Total pressure of the moist air (saturated) at 100°C. = (P -f- 70) cm. 

As the vapour is unsaturated at 200°C. 


P p' P x 76 2 x 76^ 

l<rom m-m'* we Bet 273 + 100 “272 + 200 


whence P* 3 43*784 cm. 


43*734 


4 • I o T > _ 

Agft,n 278 " 278 +100 °’ 


43*734 x 273 


878 


-*=3201 cm. 


A capillarv tube of uniform bore is scaled at one end and a column of air 
is enclosed in the tube by n pellet of water. The enclosed air column measures 
10 cm. nl a temperature of 17°C. and 10 cm. at a temperature of 67°C. Assuming 
that the vapour pressure of water at 17°C. is 1.1 mm. find the vapour pressure at 
C7°C. iBarometric height at the time = 760 mm.). 

A. Let the vapour pressure <>f water at G7°C. lie x mm. 


Owing lo the pellet of water, the column of air always saturated with water 
vapour; it is known that the saturated vapour pressure is not affected by change 
of volume and I lie total pressure inside is therefore always equal to the atmospheric 

pressure. 


Initial pressure due to dry air only = 700 — 15 = 745 mm. 

Final pressure due to dry air only = (700 — x) mm. 

PV rV 745x 10 (760 - x) X 16 t 

From^- T .-- we get ^ 273 '+ 67~ whencc 1 = 214 1 

72. Cold caused by Evaporation. — Whenever a liquid evapo¬ 
rates at any temperature, some heat is necessary to be supplied as 
If.tent heat for such change, of state. If the heat is not supplied from 
c tern>\l source, it is absorbed from the liquid itself, the surrounding air 
and other objects with which the liquid and the containing vessel may 
1 o in contact. These arc, therefore, cooled during the process and the 
more rapid is the evaporation, the greater is the cooling produced. 


The following experiments and observations verify the above state¬ 
ments ;—A few drops of ether or alcohol are poured on the palm. As 
the liquid evaporates, it absorbs boat from the palm which cools 
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thereby. In some minor surgical operations local au^triosia is 
produced by an ether spray. The bulb of a thermometer is wrapped 
with a piece of muslin and a few drops of ether arc poureu over 
the muslin; as ether ovaportes, the thermometer shows a lall in 
temperature. Tea is sometimes poured out in a saucer before upping . 
the tea in the saucer, being exposed over a large surface. e\ .porate^ 
more quickly and gets cooled. If a person remains for some time v.uh 
wet clothes on. be is likely to catch cold, lor while water evaporates 

it takes heat from his body. 

In hot weather water kept in unglazed earthen pitchers becomes 
cooler than the water kept in glass or metal vessels. The ■i U of 
earthen pitchers bein« porous, water always oozes out and evaporation 
takes 6 place^aU ewer the vessel while in a metal vessel it may take .dace 

directly from the water surface only through the mouth lhoqmc.tr 

evaporation, therefore, produces greater cooling of water in the porou. 
vessel But when the atmosphere is saturated as in rain^e .son . 

streeti^o 1 watered, the water evaporates, taking the latent heat from 
the surrounding air which is thus cooled down. 

mu , miration coming out of the pores of our skin gets evapora- 
, a T 7 h ° « "\'ho vapour remains as a sort of enveloping layer over the 

fikln ^Duo to the wind of a fan. this layer of vapour is removed and 
skin. 14uo kes its place, which produces rapid evaporation. 

Thts SeVSoIaf of heat La, the .kin Ulu-in g WU ,. .ho 

Ihis cau person is sponged with oau do cologuo. he iceU 

forehead ° ^ho liquid which contains a large proportion of alcohol 
re re9 10 . aQ( j k a k 03 away much of the local heat The sum 

evaporate-' r ^ ia j )y effected by supplying piece of wet linen on the 

forehead and fanning briskly. 

\ w t khns khus screen or a moist coarso canvas screen hung near 
the doors an5 windows of a room keeps it cool As the water eyapo- 
f . the lato.it heat is taken from the air in the room, which is tnere- 
T 1 ’ led Some water is placed on a block of wood ; a honker contain- 
• C °nmo ether is placed in the water. If the ether is quickly evaporated 
by blowing air through it. rapid cooling is produced, whereby the water 

on the wood may ultimately freeze. 

Leslie's Experiment. —A small shallow metallic disk containing 
some water and a vessel containing strong sulphuric aciT are placed 
]ur the receiver of an air pump. As the pump works, the pressure 
inside falls ; also somo of the vapour formed is removed by the pump 
and the rest is absorbed by sulphuric acid. This produces a very rapid 
evaporation, whereby the temperature of the water falls down quickly, 
so that a thin layer of ice appears on the surface of the water. Liquid 
carbon dioxide contained under pressure in a vessel is allowed to escape 
through a fine jet inside a closed wooden box ; the rapid evaporation of 
the liquid coming out cools it eo much that it solidifies. 

H—27 
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Wollaston’s Cryophorus.—It consists of a long bent glass tube 

with a bulb at each end (Pig. 54) and 
containing a little water and water 
vapour, but no air. All the water is 
transferred into one of the bulbs, say B 
and the bulb A is kept inside a freezing 
mixture. The vapour in A condenses, 

* the pressure inside falls and rapid eva¬ 
poration of the water in B takes place ; 

Fi 8- 54 the water in B is thus gradually cooled. 

On holding any bulb with palm it is slightly warmed and the liquid 
shows boiling under diminished pressure even at the room temperature. 
The lowering of temperature caused by rapid evaporation of ammonia 
is utilised in Cold Storage where meat and other perishable food stud 
are stored in warm climates. The same principle is also utilised in 
refrigerating machines. 

73 . ice Machine-This is used for the manufacture of ioe on a 

large scale. The essential parts of the machine are (Fig- 55) 

(1) A tank T.—This is filled with a strong solution of brine or 
of calcium chloride. 

(9) Coils. — Liquefied ammonia or carbon dioxide is contained in 
coils immersed horizontally within tbs solution. The circles in this 
tank indicate transverse section of the coils. These coils are called the 

evaporator coils. 

1 3 ) A Ice-cans, C.C.—These oontain water to be frozen. 

U) A pump, P —This is a combined exhaust and compression 
pump and is worked electrically. It is connected to one aid e directly 
with the evaporator coils. 

(5) A condensing 
coil, A.—The pump 
P is concocted to the 
other side with the 
condensing coil A and 
regulating valve V. 

(0) Pressure gauges, 

L and II.—The for¬ 
mer is for ^low and 
the latttr is for high 
pressure. 

Action.— When . .. 

if oq Fig. 55—A common ice machine 

the pump P works as 

a compression pump, it forces gaseous ammonia under a high pressure 
of about 155 pounds per sq inch in the condenser coil A, which is kept 
cool by a constant flow of water over its surface. The ammonia is thus 
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ing the latent beat from the hi a „ lin liquefied under the 

pressed again into the oondons 1 ; , mmori = pasB int o the evapora- 

mfluence of the cold bath 1 » ev , ror , t cd ammonia is pumped 

tor coils and is treated as before The' evapora ^ ^ ^ exceed 34 

out so quickly that the pre . g thu3 continuously cooled and is 

pounds per sq. inch. lno \i\‘Y so that the 

brought down to the temperature o lb I . >0 

cans C C, is frozen into blocks of ico. ^ 

74 Cold caused by Expansion of a Gas.— >; n 
gas is allowed to expand thoughon^The energy necessary for this 

work against the ^r^ch is thereby cooled This is called the 
is taken from the t>a- , dioxide stored under great pressure 

Joule-Thomeon effect. If oa *°“ “i ni „g into a vessel open to 
be allowed to escape tl.rou^ is produced^whereby the carbonic acid 
the atmosphere, intense c ^ Jj the c . ooling by expansion is utilised 

may be solidified. l » (ying a j r and other gases. 
in -*-• — ° f tb ° 

ma fl5 n6 n 0 wc|ul p«mp. ^“'eT^ntainiug cold water in 

which pipes conveying s and is placed 

round^ 

lower end a small nee « ( completely from CO. by being 

Blowly^dravm ^brough'a series of Ume towers (not shown.. Tins .ur 

is then pumped to a procure of 
nearly 200 atmospbereB by ^bo 

again heated it is cooled by 
being passed through the cooler 
R. The gas under the high pres¬ 
sure may be cooled to - 4 C. by 
the help of ammonia refrigera¬ 
ting machine. The cold com¬ 
pressed air then passes down 
the inner tube s of the double- 
walled coil and escapes through 
the valve V. As the air suddenly 
expands, its pressure falls to 
about 1 G atmospheres and its 
temperature falls considerably. 

This cooled uir returns through ,. . 

the space between the two tubes, thus cooling the air moving through 
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s towards the valve V. Hence as the pump is worked, the temperature 
of liquefaction is reached. The critical temperature for oxyg< 3 Q is 

- 118‘82°C. The liquid air collects to a vessel attached below the valve 
and can be drawn off through the stopcock C. The liquid air is stored 
in Deumr Vessel which is double walled glass vessel with the interven¬ 
ing space made vacuum. The boiling point of liquid air is - 18 d U 
under a pressure of one atmosphere. By making it boil under reduced 
pressure, a temperature of - 217 G. (56 K) can be attained. 

* 75 . Production of Low Temperature.— By using a modified 
apparatus working on the same principle, hydrogen was liquefied by 
Dewar in 1891 and then by Travers. The gas was previously cooled to 

- 200°C and was subjected to a pressure of 290 atmospheres. The 
critical temperature of hydrogen is - 239‘9 0 C. and liquid hydrogen boils 
at - 262'7°C. under a pressure of 1 atmosphere. By making it boil 
under a reduced pressure, the liquid can be frozen to a white solid. 

Helium was liquefied in 1908 by Kamorlingh Onnes by cooling 
the gas upto - 269 c C. (4°K), the critical temperature of the gas being 
5'26'K and its boiling point under a pressure of one atmosphere being 
4‘26°I\. Onnes could not solidify helium, although he reduced the tem- 
parature to 0‘99°K under a pressure of 0 013 mm. in 1921 In. 1926 
Dr. Keesom succeeded in partially solidifying helium by subjecting it 
to an enormous pressure of 130 atmospheres and later in 193 2, the 
temperature was lowered to 0 17 3 K. It was pointed out by LaDgevm 
in 1905 and by Giauquo in 1927 that a lowering of temperature can bo 
effected by demagnetising magnetised oxygen and the magnitude of 
the fall was independently calculated by Debye in 1926 in the case cf 
gadolinium sulphate. Giauque reached a temperature of ‘325 K by 
using this substance Afterwards De Hass, Krammers and others have 
reached a temperature of O'05 K. 

76. Boiling Point of a Liquid.—A barometer tube about a metre 
long is completely filled with pure dry mercury and is inverted over a 
mercury trough' (Fig 57). Some quantity of water is introduced 
into the tube by means of a bent pipette. The tube is then jacketted 
completely with a wider glass tube with its ends closed by corks, as 
shown in the figure. Steam is now introduced into the jacket tube by 
a small tube at the upper end and is allowed to escape through a tube 
below. With rise of temperature, the pressure of the water vapour in 
the tube increases and tbo mercury column is gradually depressed. 
The difference between the initial height and the height of the mercury 
column at any instant gives the pressure of the water vapour at the 
corresponding temperature- Ultimately a steady state is reached ; if 
there be sufficient water present, the level of mercury inside the tube 
is found to be the same us in the trough. At this stage the water 
vapour inside is at the temperature of boiling water and the pressure 
of the vapour is equal to the atmospheric pressure. So we find that 
the vapour pressure of water at the boiling point is equal to the 
atmospheric pressure. Hence the boiling point of a liquid may he 
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defined as the temperature at which the saturated vapour pressure of 
the liquid is equal to the pressure of the atmosphere above its surface. 

Hence eo long as the vapour pressure is less than 
the pressure on the surface, the liquid would evaporate 
and when the two pressures are equal, the liquid would 
boil. The standard boiling point of a liquid is 
referred to under normal atmospheric pressure. Thu-, 
the boiling point of water is 100 *C. means that at 
100°C. the pressure of water vapour is equal to tiie 
normal atmospheric proesure i.e., a pressure of <6 cm. 

of mercury. 

77. Effect of Pressure on the Boiling Point. 

The definition of the boiling point indicates that a 
liquid would boil at a lower temperature if the pressure 
on its surface is decreased and at a higher temperature 
if this pressure is increased. 

(a) Boiling under Diminished Pressure.—This 

may bo demonstrated by the following experiments : 

Boil some water in a beaker and place it quickly under 
the receiver of an air pump, wait til the boiling ceases 
and then work the pump vigorously. The water is 57 

uss : 'so w”en P by wwking the pump, the 
pressure on the surface of the liquid is reduced to a value equal to the 
?ap 0 ur pressure at the time, boiling recommences. 

Franklin’s Experiment.—Take a strong round-bottomed flask and 
“ t u ft i( with water. Boil water for some time to drive off all 

1 lfc - \ v Hie steam. Remove the burner, immediately cork up the 
tightly and support it inverted on the ring of a retort stand (Fig. 
Wait till the boiling ceases. The space above the water is now 
quid with saturated vapour at a fairly high temperature, which pro- 
duces the pressure on the water surface. Now pour a stream of cold 
3 f r in tho flask ; the water within the flask is seen to boil again 
v>tt although temperature has fallon below the normal 

boiling point. The addition of fresh water starts tho 
boiling again, so long as tho water in the flask remains 
sufficiently warm The process can he ropeated several 
times, tho boiling taking place each time at a lower 
temperature. 

Explanation. — On cooling, some of tho vapour 
contained within flask is condonsod. Tho pressure 
on the surface of tho water is thereby reduced. The 
temperature of tho water although much below the 
normal boiling point is about tho boiling point corres- 
Fig. 58 ponding to this reduced pressure and so boiling appears 

and continues until tho space above is saturated with vapour and the 
vapour pressure becomes equal to the saturated pressure at this lower 
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temperature. The pouring of more water causee further condensation, 
which starts the boiling again. 

(b) Boiling under Increased Pressure.—This may be demons¬ 
trated by :— 

Papin’s Digester—It consists of a strong metal vessel, suitably 
closed by a lid and fitted with a pressure gauge and a safety valve. 
The pressure gauge indicates the pressure of the steam which is lormea 
when water within it is heated while the latter controls the pressure 

of the steam to a particular limit. When the steam pressure exceed 
this limit, the valve automatically opens and allows the excess steam to 
escape. The valve can be adjusted to different pressure limit. A 
thermometer is inserted through the lid with its bulb in the steam. 

When the vessel is heated, the vapour accumulates inside and fch ® 
pressure duo to this vapour ou the surface of water increases. water, 
therefore, does not boil until a temperature is reached at which the 
maximum vapour pressure is equal to the pressure on the surface. 1 is 
found that water boils at about 1‘20'C when the pressure on its surface 
is increased to 2 atmospheres and at 200 J C under a pressure ot 10 
atmospheres. 

78. Regnaults’ Experiments.— The variation of the boiling point 
of a liquid with pressure, greater as well as less than one atmosphere, 
can be determined by the apparatus devised by Kegnault to find the 
saturated vapour pressure of water at various temperatures {from 50 U 
to about 2o0 C). It is known that a liquid boils when its saturated 
vapour pressure is equal to the superincumbent pressure. Hence by 
knowing the variation of the saturated vapour pressure with tem¬ 
perature, the variation of the boiling point of liquid with the pressure 
on its surface can he fouud. 

The liquid is contained in the air-tight copper boiler B (Fig. 59), the 
upper part of which is connected through a Liebig’s condenser C with a 
large round bottomed flask E. The flask is kept immersed in a bath of 
constant temperature. The pressure of the air within it can be increased 
or decreased by a pump and can bo measured by an open U-tube 
mercury manometer M. Through the lid of the boiler B a sensitive 
thermometer is introduced to read the temperature at which the liquid 
boils. 

Tho pressure of the enclosed air is at first reduced to a certain value 
by an exhaust pump Then the liquid within the boiler is heated, the 
vapour formed in trying to escape through tho condenser comes in con¬ 
tact with cold walls, condenses to liquid and comes back into B. After 
sometime the liquid is found to boil and the temperature is noted. 
Tho pressure of the vapour at this temperature, which is equal to that 
of the air E, is obtained from the manometer. 

The pressure inside is then increased to a certain value above one 
atmosphere by means of a condensing pump. The temperature of the 
liquid, is found to rise and become steady when the liquid boils at some 
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increased, in successive steps 



higher temperature. The pressure 
the corresponding boiling point is 
noted in each case and is found to 
increase. As the saturated vapour 
pressure of a liquid at its boiling 
point is equal to the superincum¬ 
bent pressure, this method gives the 
boiling point of the liquid undei 
various pressures. This method also 
gives the saturated vapour pressure 
of the liquid, as given by the mano¬ 
meter at various temperatures, bv 

« hi 5« meth M.water fro-n 50 C. to 230 C.. the 

value 'atTthe latter temperature being 27 ;j atmospheres. Thus by 
knowing the boiling point of water, the corresponding vapour pressure 

U k n rs^virnfthaTany 9 variation in the atmospheric pressure changes 
i m- V r\i nI nf the liouid. Thus at sea level, the atmospheric 

pressure°bein6 maximum, tl.o hoiliug point is also the highest. At 
pressure e> atuio3 p| ie ric pressure decreases and so the boiling 

higher altitu ’ The boiling point of water at the top of a mountain 
P 01 " 1 l.»'th... 100 O. Thus at Darjeeling (6,00 ft. above the 

18 , water boils at about 9l c C At Quito, which is the highest city 

sea level) o ft abovo tho sea level) water boils at 90 C. Hence 

m the v.or u woul( ] bo impossible to cook food properly in 

nnJnvesseU This difliculty can bo avoided by taking closed vessels in 
1 i Til v’luour formed will automatically increases the pressure on 

whteb 1 hence the boiling point rises. The boiling 

the »ur th ? g 7 ouml to decrease by 1 C. as the pressure falls by 

point o . ^ ^ Honco in determining the upper fixed point of a 

m frmnmntor, the atmospheric pressure at the time is to ho carefully 
noted and st correction, if necessary, is to bo made for the variation in 

th ° 'iMm'foliowing^ablo supplies the variation of Boiling Point of water 


with Pressure. 

Boiling Point of water with Pressure 


Pressure 

Boiling 

Pressure 

Boiling 

inti). 

Point 0 C 

mm. 

Point' C 

750 

^ ' ** “ *' ~ * * 1 

99*68 

76 4 

100 15 

762 

99 70 

766 

100*22 

756 

9986 

768 

100*29 

768 

9998 

770 

100 87 

760 

100 00 

772 

100*44 

762 

100 07 

771 

100 51 
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79. Measurement of Saturated Vapour Pressure of Water.— 
• The maximum vapour pressure of water at various temperatures can 

be determined in the following way :— 

(a) For ordinary Temperatures from (0°C. to 10CTC) : RegnauWs 
method— Two barometer tubes are completly filled with pure mercury 
and are inverted over a mercury trough. They are jacketted (as in 
Fig. 52) by a wider glass tube, reaching almost upto the mercury 
surface in the trough. Into one of the tubes sufficient water is intro¬ 
duced for a thin layer of it to romain on the surface of the mercury, 
while the other serves as the barometer. The water in the jacket is 
heated by passing steam into it. The temperature is noted by a thermo¬ 
meter while the pressure of the saturated vapour is given directly by 
the difference of the mercury levels in the two tubes. 

Kb) For low temperature (below 0°C ) : Gay Lussac's apparatus. — 
The tube in which water is to be introduced is bent over at the upper 
end. The bent protion which generally ends in a bulb contains the 
liquid and is surrounded by a freezing mixture to lower the temperature 
to the required extent. The other tube gives the atmospherio pressure 
and the difference of mercury levels gives the vapour pressure directly. 

(r) For higher temperature (above 100°C.)—For this purpose 
Regnault’s apparatus as in fig. 59 is used and the usual procedure is 
followed. 

80. Laws of Ebullition.—The following are the observed laws 

under which a liquid boils :— 

(a) A liquid boils at the temperature at which its maximum vapour 
pressure is equal to the pressure on the surface. 

(b) Under a particular pressure, every liquid has a definite boiling 
point. The boiling point rises or falls according as the superincumbent 
pressure increases or diminishes. 

(c) If the pressure remains unchanged, the temperature at which a 
liquid begins to boil remains stationary until the whole of the liquid is 
converted into vapour. 

(d) To convert unit mass of a liquid into vapour without any 
change of temperature, a definite quantity of beat, known as the latent 
heat of vaporisation of the liquid, is required. 

81. Determination of Height by Boiling points (Hyp- 
sometry).--When a liquid boils, its vapour pressure is equal to the 
superincumbent pressure. The boiling point of water is conveniently 
determined at any place by means of a hypsomoter. The corresponding 
saturated vapour pressure is obtained from Ragnault’s table and hence 
the atmospheric pressure at the place is found. The difference between 
the atmospheric pressure at two stations can be thus determined ; but 
this difference is equal to the weight of a vertical column of air of unit 
cro.-s-section and of height equal to the difference of altitudes between 
the two stations. The pressure and the temperature of the air column 
are not uniform throughout but may be taken to be the mean of the 
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pressure and the temperatures at the two stations, as they do not 
differ much. 

Let difference of altitudes between the two stations = U cm. 

Atmospheric pressure at lower station =Pi cm. of mercury 

Atmospheric pressure at upper station - P. cm. of mercury 

Atmospheric temps, at the two stations -*». ^ respective > 

Then the difference of pressure between 

the two stations = (Pi “ Ps) cm. of mercury 


The mean pressure 


Pi “P a 


2 


“ P say. 


Also the mean temperature 


L t + t 


— say. 


The density of air at N.T.P. - 0 001293 gm. If P be the mean 
density at pressure P and temperature f, p<() x 2?3 

_ 76_„ whence P “ 7«x(07'i+r) 

0 001293 * 273 P*(273 +t) 76 " 

... the weight of H c.c. of air of mean density P 
H x P x 0 001293 x 273_* 981 
~ 76 x (273 + t) 

\ thi9 i s equal to the weight of a column of mercury of unit cross- 

section and the height (Pi " P«) c,n - 
Be i[ x px 0 001293 x 273 x 981 

(p. - P a ) x !3*6 x 93! = 76x(273 + f) 


whence 


II 


(P, - P t ) x PPG x 76 x (273 + t) 

P X 273 X 0 001293 Cm * 


Molecular States of Matter. - According to the molecular 
, , \ntfrr a vapour is considered to contain groups of small 

theory of rn ’ lQolecu i 0S . Those groups move about like single 

aggregatior relatively low velocities. As temperature is 

molecule number of these groups per unit volume increases and 

ultimately they may coalesco into a liquid drop. 

In liauid there are groups which are composod of lurgor number of 
nleculos A molecule in a liquid state, therefore, moves with a 
m filler velocity than that of a molecule of its vapour at the same 
tomnorature. In a solid, the heavy groups lose even tho small linear 
1 city they had in tho liquid state and consequently have fixed 
nositions relative to other groups of molecules. They can only oscillate 
over a small distance about their normal positions of rest. \\ hen 
tho groups are arranged in a regular way, tho form of tho solid is 
crystalline and where irregular, it is amorphous. 

Effect of Heat. —When a solid is heated, the molecular groups 
take up the heat energy and vibrate more violently about thoir mean 
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positions. The heat supplies the consequent inorease in the kinetic 
energy of the molecules. 

As the temperature rises, the average energy of vibration of the 
groups goes on increasing till at a certain temperature some of the 
groups begin to detach themselves from the adjacent groups, break up 
and form into liquid type molecular groups. Fusion now sets in and 
any further supply of heat energy is utilised in breaking the groups. 
Hence the temperature remains constant during fusion. If the body be 
crystalline, the groups begin to break up at a definite temperature 
which give a definite melting point of such a solid ; but in an amor¬ 
phous state the loosely hel 1 molecule? are detached at. a lower tem¬ 
perature than the more regular or more closely packed ones and hence 
in such a substance the melting begins at one temperature and is 
completed at some higher temperature. 

The energy of motion of some of the groups may occasionally in¬ 
creases so much that they may overcome the attraction of the adjacent 
molecules and escape from the liquid surface ; this explains 
evaporation. As the molecules with the highest kiaetic energy leave 
the liquid, the mean kinetic energy of the remaining molecules 
decreases to some extent and so the temperature of the liquid some¬ 
what falls. This explains the cooling produced by evaporation. 

With a arise of temperature, evaporation incroases. With further 
supply of heat the gus molecules increase in energy so much that they 
escape as bubbles from the liquid when boiling begins. The tempe¬ 
rature at which this occurs depends on the nature and aggregation of 
the gas molecules. Hence for a particular liquid under given conditions 
boiling occurs at a definite temperature, called the boiling point. 

Any further supply of heat energy i9 used to break up the liquid 
groups into similar gas molecules and so the temperature remains con¬ 
stant at the boiling point so long boiling continues. The kinetic energy 
of the gaseous molecules is far greater than the kinetic energy of the 
molecules in the liquid groups at the boiling point ; this excess of 
energy supplied by the heat absorbed while boiling is going on forms 
the latent heat of vaporisation. 

If evaporation takes place in a closed space, there will bo constant 
interchange of molecules between the vapour and the liquid. At any 
time a certain number of gas molecules leave the liquid surface move 
about in the space above and while moving towards the liquid some 
may be caught, back into it. The rate of escape of molecules depends 
on the tcmpLiaturo while the number of molecules per unit volume in 
the space of the liquid depends on pressure 

if at tirst the space contains little or no vapour, the number of 
molecules leaving the liquid must exceed the number of molecules 
re-entering the liquid per unit time. .But the latter increases rela¬ 
tively us the quantity of vapour in the space increases until finally as 
many molecules re-enter the liquid per second as leave the liquid. At 
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this stage the number of vapour^then^s M iT'be Saturated with the 
remains the same. The space « then .s ^ ^ Mtura|ed vap0 „ r 

vapour ; the pressure o L which remains constant so long the 
pressure at the tempeia , ^ cbaD r e of volume causes a corres- 

temperature remains t m Q V the molecules but the pressure remains 

ponding change in the num superincumbent pressure oppose, the 

the same. An increase in the super ^ euergy c . escape 

escape of the gas molecules fro tl heat energy is now necessary, 

being supplied in the from 1 ’ n[ under tJlC reasea pressure. 

This explains the rise of the boilt ° P { molecules, and 

A liquid then contain, a .11 P«t:.ouoIiThe critical 

gas. a small number 1 tQ b(j y { he temperature at wbicU a liquid 

it e s r vipom m "an simultaneously exist in all proportions. 

HENB1 VICTOR REG NAULT (1810-1*78' 

„ vn ,, )8 nn lulv 9, 1810 at Aix-la chap- 
Rognault was born °^ y ,‘ood he could not get proper school educa- 
pelle in Franco. L bb > ag com p e lled to take a job at a Dilu¬ 
tion because of poverty- be uso d to work during day and 

cist’s Pharmacy us a clerk . liciue at night . In 1832 he went 

read elements of Chemis was able to be admitted to the 

to Paris and after much barely ^ ^ ^ in5titution with distinction 

Ecole Polytechnic ‘ o{ ' r at Lyons. His earlier works Nsere 

• ia-ifi and hecaoio a proicsew 
in 1830 an Organic Chemistry. 

concentrated on b , a8 a 8C ientist and that year lie was 

By 1840 he beca o “ e of fa Natur 0 l Philosophy at Ecole Polytechnic, 
appointed a \no f u hl3 contributions were lu the domain of 

From this time on alcuos typo of calorimeter and made a 

Physics, bio desio q( tho spec itic heats of various substances. 

of research 

^ses^POur ^^ocity^eound. He died in 1878. 


Summary 

I Solidification.— /Won or melting is change of a substance irom 
. l““ liquid “late. SMi/icati«n Ir.czu.y is ll.c <h«r “t u sub.la,.™ 

\ * ii... I'uiuid to the solid state*. . 

nn--: as=s«=i ■■=-1 bt.w=3 

which contract* on inciting »» lowered. 

t- tS _ fttw i FliiilliiioiK .—Evaporation is u slow change from the liquid 

lo Uw V gu^u# State, which takes place at the surface of the liquid at all tempera- 
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tures while ebullition is a rapid change which takes place throughout the mass of the 
liquid at a definite temperature. 

Vapour Pressure.—The vapour of e liquid exerts pressure like a gas, which 
is called the vapour pressure of the liquid at the particular temperature. 

Saturated and Unsaturated Vapours.—If a space contains as much vapour 
as it is possible for it to contain under the given circumstances, the space is said to 
be saturated with the vapour : otherwise it is unsaturated. The pressure exerted by 
saturated vapour at any temperature is maximum. 

Vapour and Gas.—A substance in the gaseous state behaves like a vapour 
below its critical temperature and us a gas, above this temperature. 

Gold can be produced by (a) rapid evaporation and (b) sudden expansion. 

The boiling point of a liquid is the temperature at which the saturated vapour 
pressure of the liquid is equal to the superincumbent pressure. 


Reference 
Art. 61 

Art. 61 
Art. 61 

Arts. 

62 A 73 

Art. 63 

Art. 61 


Arts. 
64 & 79 


Art. 64 
67 & 68 


Art. 65 

Art. 66 

Arts* 
67 & 63 


Exercises on Chapter VI 


I. Two bit?* of ice being pressed together form one mass. Explain. 

(C. U.—1933. ’50) 

*2. Write a short note on regclation. (E. P. lb—1953) 

3. IIow can you demonstrate that pressure changes the melting 
point of a body and evaporation produces cold ? (Utkal. U.—19.5*2) 

4. Write short notes on freezing mixtures and ice making machine. 

(Mad. U.—1950) 

5. Slate the laws of fusion of a substance. (Mad. U.—1949, *51) 

(). Distinguish between boiling and evaporation. What condition 
determines whether a liquid will boil or evaporate ? 

<C. U.—1950: P. lb—1921; Dae. lb—1937 ; Pat. Ib—1941, *44. *52) 

7. Define boiling point of a liquid. Describe carefully how the 
maximum tension of aqueous vapour is determined for temperatures 
below and above the normal boiling point. (Del. U.—193S) 

S. What are the points of distinction between evaporation and 
ebullition ? Define vapour tension of a liquid. 

A gla<s cylinder is provided with an air tight piston and contains 
inside some saturated water vapour at 20°C. State and explain what 
will happen when (a) temperature is raised to 30°Cb the piston remain¬ 
ing in position ; (/>) temperature is lowered to 10 c Cb the volume remain¬ 
ing unaltered ; («•) the piston is raised lip, temperature being kept con¬ 
stant ; (d) the piston is lowered down, the temperature being unaltered. 

(Utkal. lb—1949) 

9. State and explain the various factors that influence the rate of 

evaporation of water. (Mad. lb—1950) 

10. Explain saturation vapour pressure of a liquid. 

(Gnu. Tb— 1952 ; Mad. Ub—1949) 

II. Two barometers stand side by side. A few drops of water 
are introduced into the vacuum of one and a little air into the other. 
What would be the effects on the errors of the barometer reading thus 


CHANGE OE STATE 


429 


produced of (a) change in .he nlmosphcric pressure. 

Ihe temperature ? „ . 

1-2. A quantity of air saturated svith water vapour «t 30 C.■ ™;rU 
f -t ..... ..f inerctirv when its volume - ,)U cc - *'V . 

Jre^of 110-C When its volume is 145 c,e. temperature remit,mu, 

constant. Calculate the pressure exerletl by Mxpour 

A. 30 mm. 

time are 25°C. ami 74-30 cm. respect in el> ; _, 3 . 4 - 

tlie dry gas at N. T. I*. The vapour press.,,-, of "«ttr at - 
mm. and the density of mercury is .3-0 pm. P« r «■ 

A. 01-51 c.c. 


,4. Distinguish indue,. .uu^nsai.uotc^vapour,, 

(Del. 11. S. 1034 ; l al. 1 -Ml • < ,, 1 '. . ,, V . 

i v.i..;.. Dillon's laws of partial pressure. 

15. Enunciate an I cxpl. 1,,1 • ( p. lt . U.—19-10) 

. • ... in •, draught with wet clothes on ? 

16. Why is d unwise to sit m a (C r __ in47 C/ . - 50) 

_ | . . „ ,i... rt**tdii,* r of a thermometer is altered by 

17. Explain wh\ the rcadin (C _ V.—1948) 

wrapping a "'el rag rouml its bulb. 

K If you dip vour hand in lukewarm water ami then expose .1 to 
, S ' . flu colli If voii make the same experiment with 

the mr. the ham , co |,| v -r on exposure. Explain these- tacts, 

ether, the hum! h*ls hum <r it_io3S) 


ether, the hum! .. (C vh—1938) 

.. . ,i 1( . ..riiicinle const met ion and working of an ice- 

19- E*l’ h,m "" ,,n " ' (Raj. 1 T .—1053 ; E. 1*. IT.—10.W) 

pl ”" l 9 „ I toiling poiul of a liquid. DescriW suitable experiments 

*°* V , P i M . ..i-ide It. Ix.il at temperatures greater or less 

*.? Sll 7 0l) .; Tl Darjeeling the harometric height is about 23 inches, 
than 100 C. ' , , M)i |- mK ^ha „f water for a change 

„ there .« " ' ,, ‘ p.,, „re will later boil there ? 

or I mm. or Ilg. (l>uc. U.—1014) 

A. 94-97 C . 

i}t Write a short note on Papin's digester. (E. P. U.—1958) 

i-i Describe an experiment to show that the vapour pressure of 

*i ..vnosetl to air at its boiling point is equal to the atmospheric 
a liquid expos- 1'.—1945 ; 1*. IT.—1931) 

pressure. 

as Define boiling point of a liquid. Describe suitable experiments 
to show Unit water can be made to Ixiil at temperature greater or less 

tl,a " ,0 ° C ‘ (P. U.— 1934 ; C. IT.— 1041 ; Cf. Put. IT.—1954) 


* 1 . A flask is half filled with water and healed till the water Ixiils 
After n short time when the upper part of the flask is filled with steam, 
it is well-corked and inverted. Cold water is now poured over the 
flask. What will happen ? Why? (C. U. 1938) 

45. Explain how the inuxinium tension of aqueous vapour is 

determined at temperatures below and above normal boiling point. 

<C. t .—1947) 


Reference 


Arts. 
67 A 68 


Arts. 
66 A 69 

Ait 69 

Art. 70 

Art. 72 
Art. 72 

Art. 72 

Art. 73 

Arts. 
76 A 78 

Art. 77 
A,t 70 

Arts. 
76 A 78 

Art. 77 


Art. 77 
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Reference 

Arts. 

78 & 80 

Art. 79 


Art. 79 

Art. 79 
Art. 81 


20. Stale laws of boiling. How is it that things cannot be cooked 
properly on high mountains ? How can water be made to boil at any 
temperature above 100°C ? (Del. U.—1943) 

•27. Describe an accurate method for determining the pressure of 
saturated vapour at different temperatures. 

The pressure of the saturated vapour of water at 50°C is 9*2 cm. 
of mercury and it is found that under a pressure of 9-2 cm. of mercury 
water boils at 30 e C. Explain fully the relation expressed in the state¬ 
ment. (Utkal. IT. —1952) 

28. How would you determine the maximum pressure of aqueous 
vapour between 0°C. and 100°C. ? 

ft*. I'.—1947 ; Dae. I’.—1931 ; Gnu. U.—1952 ; Cf. Mad. U.—1949) 

29. Describe how you will measure the saturated vapour pressure 

of water at the room temperature. (C. U.—1949) 

30. Explain how you are able to determine (approximately) the 

height of a mountain by finding the boiling points of water at its top 
and bottom. (C. U. —1945; Pat. U.—1943) 


CHAPTER VII 

HYGROMETRY 

83 Water Vapour in the Atmosphere. - As evaporation con- 
tinuall'y goes on from all water surfaces such as seas, nvers lakes etc 
there is always some aqueous vapour present in the atmosphere. The 
outside of a tumbler containing iced water gets after some: time> mo.st 
This is due to the condensation of water vapour of the atmosphere on 
the tumbler. The formation of dew, mist, cloud, rain, etc., also indi¬ 
cates the presence of water vapour in the atmosphere The study and 
measurement of the quantity of aqueous vapour ,n the atmosphere ,s 

called hygroinetry. 

84 Dew Point.—The air is not ordinarily saturated with the 

water vapour If moist air in an open space is gradually cooled, the 
pressure o° the moist air at the region falls below that of neighbouring 
f l l fln , which is at the ordinary temperature. Hence moist air 
atmosphere .. ices comes to the space to equalise the pressure. 

As the coding proceeds, a temperature is ultimately reached, at which 

tKo mnHura accumulated at the region is just sufficient to saturate 
the mold 0 remaining unchanged. This temperature is called 

the dew voinl If the temperature is slightly lowered below the dew 
the dew po . vapour is condensed and is deposited as dew. 

HoSoe'the dew point is the temperature at which a given mass of air 
becomes lust saturated with the quant,ty of aqueous vapour actually 
present in it- Also it follow, that the pressure of the aqueous vapour 
IIV ..resent in air at the ordinary temperature is equal to the satu- 
rfted vaiour pressuro at the dew point at that time. The statement. 
‘‘Tho dew point of the atmosphere is 23 C at some time. means that 

the amount of water vapour present in a given volume of air at the 

time would just saturate the air at 23 O. 

85 Relative Humidity or Hygroinetric State of the Air.— 
Humidity gives us information about the amount of aqueous vapour 
present in tho atmosphere at some particular hour. 

Absolute Humidity is defined as tho quantity of aqueous vapour 
actually presont in a given volume of tho atmospheric air. It is usually 
expressed in grammes per cubic metre of air. 

Relative Humidity is defined as the ratio of tho mass of aqueous 
vapour actually present in a given volume of air to tho mass of water 
vapour required to saturate tho volume at tho observed temperature. 
So relative humidity gives tho degree of saturation of tho atmosphere 
as regards moisture. It is, therefore, termed tho hygrometric state 
or fraction of saturation of tho air. 

Hence Relative Humidity 

Mass of aqueous vapour actually presont i n a volume of air at t°G. 

"" Mass of aqueous vapour required to saturate tho sumo volume at t G. 
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Bub since unsaturated vapour present in a given volume of air obeys 
Boyle’s law, the pressure exerted by the vapour is nearly proportional 
to the mass of the vapour present. So the ratio between two masses 
of vapour may be taken to be equal to the ratio of the corresponding 
vapour pressures. Hence relative humidity may also be defined as the 
ratio of the pressure of the aqueous vapour actually present in the 
atmosphere to the saturated vapour pressure at the temperature of 
the air. 

Relative Humidity 

Pressure of aqueous vapour actually present in the air at t C. 

Pressure of aqueous vapour required to saturated the air at t G. 

Saturated vapour pressure^at the clew point at the time 
~ Saturated vipour pressure at the temperature of the air 

The relative humidity is generally expressed as the percentage satu¬ 
ration of air In this case it is expressed as a ratio 


Saturated vapou r pressure at dew point *_100 
Saturated vapour pressure at air temperature 


per cent. 


Denoting the saturated vapour pressure at the dew point by / and 
that at the temperature of air by F, wo have 

Relative Humidity = P 0r c 011 *’ 1 

The feeliug of dampness or dryness of air depends on the relative 
humidity. It, therefore, does not depend only on the absolute quantity 
of w iter vapour actually present or on the quantity necessary to 
saturate the air under the given conditions but it depends on the ratio 
of the for nor to the latter quantity. Thus, on a misty winter day, the 
\ ipour in a given volume of air may bo less than that on a hot summer 
day when the air appears to be dry ; that is because the amount of 
aqueous vapour present on the latter occasion is a smaller fraction of 
the amount necessary to saturate the space. 


Again the lower is the relative humidity, the more rapid is the 
evaporation ; hence the dryness or dampness of the air is judged by the 
rate of evaporation at the time. A very moist day in summer feels 
much more uncomfortable than a dry day ; for in the former case the 
atinosphero is nearly saturated with water vapour producing a stuffy 
sensation. When the relative humidity is low, the atmosphere takes 
up the water vapour more rapidly. For this reason in our country a 
damp cloth dries more rapidly in winter than in summer. 

Relative humidity is determined from day to day at meteorological 
stations to forecist weather When the relative humidity is high, we 
may expect rain. A knowledge about the actual atmospheric condi¬ 
tion and a forecast for immediate future are essential now-a days to 
pilots of aeroplanes for a safe navigation. Information about relative 
humidity is nocossary for Public Health Department, as germs of 
certain disease multiply well in moist 'atmosphere. In hot houses 
supply of moisture is to bo regulated for the growth of plant. The 
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Chemical Hygrometer. 
Hair Hygrometer. 


knowledge is also of importance for textile Indus tries - elaborate arrange¬ 
ments are made to maintain artificially a uniform degree of dampness 
in spinning rooms. A successful control of humidity is needed at the 

cold storage of meat and fruit in the holds of ship and also in artificial 
seasoning of timbers for aeroplanes. 

Hygrometers (Gr. hygros. wet ; metron, a measure) are instruments 
for determining the humidity of the air at any particular time and place. 
According to the principle upon which they work, hygrometers are 

‘divided into three classes : 

(1) Dew-point Hygrometer. (2) 

(3) Wet and dry Bulb Hygrometer. W 

86 Dew point Hygrometers (Condensation Hygrometers)— The 
dew pilot is directly determined by any one of these instruments. The 

ratio of the saturated vapour pressure at the dew point to that at the 

atmospheric temperature gives the relative humidity. 

Daniell’s Hygrometer.—It consists of two glass bulbs A and 
B (Fig 60?connected g by a glass tube bent twice ati right angles and 
K ° , ' « vortical stand, so that the bulbs project downwards. The 

m °“t rcintafns only ether and ether vapour, all the air having 
bTen removed beforo the apparatus is finally sealed. In order to observe 
i i tu donation of any dew on the surface of the bulb A, it is 
bUckeued from innida or a gilt band is fastened over tbe surface near 
the middle. There is a sensitive thermometer 
T mounted inside A. The thermometer T t 
mounted on the stem of the instrument gi\os 
tho temperature of the outside. 

In using this instrument, all the other is at 

first transferred into the bulb A by tilting the 

apparatus and a piece of muslin or linen is 
wrapped round B. Ether is then poured drop 
by drop on the linen. As the ether evaporates 
it takes the necessary heat from the bulb B and 
cools it rapidly. Consequently the ether vapour 
in B is condensed, which causes rapid evapo¬ 
ration of tho other in A. Tho temperature of 

this ether and hence that of the bulb A gradual- 



Fig. 60—Daniell's 
Hygrometer 


ly decre e ases s U o long as the linen is kept moist with ether. The mass of 
the air surrounding the bulb A also falls in temperature and ultimately 
a thin film of dew forms on the bulb, making the surface of A appear 
dull Tho temperature at which tho dew just appears is read from T. 

The dropping of other is discontinued and tho linen is allowed to dry 

up The bulb A warms up and the temperature at which tho dew just 
disappears is noted. The mean of these two temperatures is taken as 
tho dew point at the time. Observation should be made either by a 
telescope or through an intervening plate glass, so that tho breath or 
heat of the body of the observer might not disturb the deposition of 
dew on the instrument. 


H—28 
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Sources of Error :— 

(1) As evaporation takes place from the upper surface of the ether in A and 
as there is no stirring of the mass, the temperature of the ether is not uniform 
throughout. 

(•21 Glass being a bad conductor, the temperature of the outside surface of A 
can not take up that of the ether in the bulb simultaneously. 

(3) The appearance or disappearance of dew cannot be exactly ascertained. 

(4) The rate of evaporation of the ether in A and hence the cooling of the bulb 
cannot be controlled at will. 

(5) Owing to the proximity of the observer, the temperature of the surface 
of A also the hygromctric state of the air at the place may be altered by the breath 
and the- heat from (lie body of the observer. 

(0) The presence of a lurge quantity of ether vapour in the surrounding air 
is also objectionable being likely to affect the Ilygrometric state. * 

(7) When the air is hot and dry, it is difficult to get indication with the instru¬ 
ment and a large quantity of ether is wasted for the purpose. 

87. Regnault’s Hygrometer.—It essentially consists of a wide 
test tube G (Fig. 61), the lower part S of which is a thimble of a thin 

and polished silver sheet and the 
upper part is glass. The mouth 
of the tube is closed by a cork 
through which a sensitive thermo¬ 
meter Ti and a piece of glass 
tubing a are inserted reaching 
almost to the bottom of G. A short 
side tube is sealed near about 
the top of G and is connected to 
a vertical brass tube b ; b is again 
connected through a rubber tube 
c to an aspirator A filled with 
water. A second tube B similar 
to G is attached to the same 
vertical tube b ; its surface is used 
for the sake of comparison while 
the thermometer T 2 placed in it 
Fig. 61—Rcgnnulfs Hygrometer merely gives the temperature of 

the air in the room. 

In using the instrument, G is partly filled with ether, so that the 
lower end of a and the bulb of the thermometer T» are well within 
the ether. The aspirator is opened ; as water goes out, a current of air 
is drawn in, bubbling through the earth and thus causing it to 
evaporate rapidly. The liquid therefore gradually falls in temperature 
and as it is automatically stirred by the air bubbles, it attains uniform 
temperature throughout the mass; further, as silver is a very good 
conductor and the sheet is very thin, the temperature attained by the 
silver surface both inside and outside, is practically the same. The 
liquid the silver surface and the layer of air surrounding it gradually 
cool down and ultimately the moisture in the air is condensed pn the 
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bright silver suface. The appearance of dew as f ^ ia o bser led from 
brifliancy of the surface of S in contrast to that of S s observed^ fro 

a distance by a telescope and the temperature at which the dew ]u 
appears is noted from T,. Then aspirator is sto P p ^ ” b °v 0 e £ ew j ast 
apparatus warms up slowly ^‘'-^“^"^o temperaturei is 

taken as the dew point at the time. 

To find the relative humidity (R.H.) the saturated vapour pressurc /, 
at the dew point and F, that at the room temperature are obtained 

Regnault’s table ; then R. H. - p * 100 per cent. 

Advantages of Rcgnault’s Hygrometer. 

,,, As the liquid is continuously glinted by .be nir bubbles, .be temperature 
t |, ro^n: , :,:rr “ crv R „„,l eonduetcr, (be temperature of the silver surface is 

prncl ;i) ly Ti';: z: e ^z .».be.« .».« .be 

lio „ of the by regulating the aspirator the 

rate 'of eooHng’^t Inland hence the successive observations can be made 

at desired intervals. from a distance, the breath or heat from the 

bndvM tbfolt'r “er'doe, not affect the bygromc.ric stale of .he air in the ne.ghb.ur- 

' ,0n '\t ‘asu!: ether vapour is carried into the aspirator, it cannot affect .he relative 
humidity. 

*88 Chemical Hydrometer ( Absorption Hygrometer).— The mass 
h ' tv-tilr r,resent in a given volume of air can bo directly deter- 

°^r hygrometer and so the absolute humidity cm bo found 
hv*thighproocss. The pressure of the vapour is calculated and the 
humidity is also determined. 

The apparatus consists of a largo aspirator (Pig 62) filled with 

The ai>pa with a sy8 t 0 m of U-tubes through the trap bottle. 

ThaVtubos contain either lumps of fre 9 hly fused calcium chloride or 
T « of pumice stone soaked in strong sulphuric acid while the trap 
pieces of P . sulphuric acid. All the connections are made air 

rubber tubing The drying U-tubes with 
‘hoir contents are carefully weighed before the experiment is started. 

The aspirator is opened when water escapes and air is sucked 
through the system of U-tubes. The moisture of the air is absorbed by 
\ ‘ drying tubes while any moisture rising from tho water in the 
aspirator fs absorbed in the ‘trap’ bottle. After continuing the experi¬ 
ment for some time, the aspirator is closed, the drying tubes are dis- 
m and weighed again." The increase in the weight gives the 

CO “f fIuTvtpour wRb the volume of air drawn in, which is 
“““ to the volume of water that has llown out ; but the air becomes 
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saturated with moisture when it comes in contact with water within 
the aspirator. The temperature of the air outside and inside the 
aspirator are noted- 



Fig. 62—Ohemical Hygrometer 


Let mass of the aqueous vapour absorbed — m gm. 

volume of the air drawn in —Vo. c. 

temperature of air inside = £ c C 

pressure of aqueous vapour =/ mm. of mercury 

atmospheric pressure at the time — H „ „ 

Since the relative density of aqueous vapour to air is 0*622 and the 
density of dry air at N. T. P. is 0 001293 gm. per c.c. 

Density of aq. vapour at N. T. P. = 0*622 x 0*001293 gm. perc.o. 
Let the density of aqueous vapour at pressure / 

and temperature t*°d gm. per c.c. 


From Boyle’s Law, 
whence d = 


_ t __ _760_ 

r?(273 + 1 ) *0 001293 x0 622x 273 
/x 0*001293 x 0 622 x 273 
760 x (273 + t) 


• • • 


( 88 , 1 ) 


As d - mV, it can be obtained from experiment. Hence /.the 
pressure of the vapour actually present is known from eqn. ( 88 ,l) ' and 
is given by ' 



d x 7fi Q x ( 273 + 1) 

0 001293 x 0*622 x 273 


mm. 


3460 x (273+ £) x d mm. 


If the saturated vapour pressure at £°C., as obtained from Regnault’B 
Table, bo F then 


Relative humidity- ~ -- Jgjj.760 x (273 + 1) _ 

F Uli'xo 00.1293 x o 622 x 273 

^ 3460 x_,» x (273 + t) 

V x F 


* • • 


( 88 , 2 ) 
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To obtain the relative humidity as percentage the above expression 
is to be multiplied by 100. To obtain absolute humidity takei the ratio 
of m and V/1000000. Thus the ratio gives the amount of water in gm. 

present in a cubic metre of air. . _ 

It is to be noted that the temperature of the air outside may be 
different from that of air inside the aspirator : also the atmospheric air 
is generally unsturated while that within the aspirator gets saturated 
an^scf the pressure of the vapour and hence thatofthedry air. inside 
and outside, would not he the same. But as the difle- 
rences mentioned are very small, they are not generally 

taken into account. 

89 The Wet and Dry Bulb Hygrometer (Psy- 
ehromeUr or Mason’s Hyyromeier) -It consists of two 
exactly similar mercury thermometers (Fig_ 63) ®ounted 
vertically side by side on the same board with their 
bulbs heely exposed to the air One them,ornete^ gives 

rSSfHi? 

water, kept in a small attached vessel. 

As water evaporates from the muslin, the tempera- 
As water e i wefc bulb thermometer is lower 

ture indicated y mi - rliffrtrence in the 

readings'depondtf on the hygrocnotric state of the air ; 
for exlpleona £ 

^ ^-TSrrt Tmosphem'Is ^ 

Baturatedl no evaporation takes place and tlio two ther- 
mometers give the same reading. 

The relative humidity can be determined by obtain- 
iuglhe dew point with the help of Glaisher’s factor. 

Let the temperatures given by the dry and the wet 

bulb thermometers respectively “ 1 1 and 



Fig. 03 


temperature of the dew point at the time t 
Then from Glaisher’s formula, t v - t - X\tx f* > 

whore F is the Glaiaher’s faotor. 


(89.1) 


wnoro -- 

The dew point is thus found ; obtaining the saturated pressure at t 
and t x from Regnault’s table, the relative humidity is calculated. 

90 Hair Hygrometer.—The apparatus consists of a human hair 
fixed at a point A of the instrument and stretched over three small 
pulleys B. G and D (Fig. 6i). Then the hair is wound a few turns 
over a revolving small drum E and ib finally fastened to the end o a 
light spring S at F. A pointer P moving over a graduated dial is faxed 

to the drum E. 


lUC UlULU AJ. 

The hair has a property of increasing continuously in length with 


a 



438 


INTERMEDIATE PHYSICS 


chap, vn 


rise in atmospheric humidity. Consequently when the hair elongateB, 
the spring draws it further downwards. As a result, the drum^w 

w its attached pointer rotates over the 

scale graduated in units of relative 
humidity. In a practical case, a 
strand of 20 to 30 fibres of hair is 
put together to give the required 
tension. The following informations 
are available regarding the behaviour 
of a human hair in humidity accord¬ 
ing to Griffith’s investigations. 

The readings of a hair hygro¬ 
meter tend to give higher readings 
with lapse of time. This is probably 
due to the fact that the hair being 
always in tension due to the spring 
gots a permanent set. The hair 
should be guarded against any un¬ 
due strain. The calibration of the 
Fig- instrument should be checked from 

time to time. A hair hygrometer has the advantage of being a direct 
roadiug instrument. It can be used at a temperature below the freezing 
point of water where a dry and wet bulb thermometer cannot work. 

The following Table supplies the temperature of the Dry bulb with 
the corresponding value of Glaisher's factor.— 



Dry and Wet Bulb Thermometers 


1 

i Dry Bulb 

I Temp. °C. 

< 

Glaisher’s | 
Factor 

1 

__! 

1 

Dry bulb 
Temp. °0. j 

Glaisher’s 

Factor 

Dry Bulb 
Temp. °C. 

! . , . i 

, Glnisher s , 

1 Factor 

1 

| 

4 

7 82 

11 ! 

2’02 

24 

172 ; 

6 

7'28 

12 j 

199 

26 

i 1-69 

! 6 

662 

14 

192 

28 

167 

7 

577 

16 

1*87 

30 

165 

, 1 

8 

492 

is i 

138 

32 

| 163 - 

1 9 

404 

20 

1*79 

34 

161 

10 

! 2’06 

22 1 

176 

86 

159 


Example.—At some hour the readings of a Wet and Dry bulb hygrometer are 
•>2°F and o8 c F. Find the humidity. 

A. Dry bulb temperature, h = 58° F = 14*4°C and Wet bulb temperature 
^ = >: F = li re. Hence from equ. (S9.1) 14-4 — t = F X 3*3. The value of 
F for 14 C C=10’ and for 1G°C = 1S7. Hence from a proportionate value, F at 
M-4°C=1-91. Thus 14*4— *== 1*91 X 3-3 =6-3. Hence dew point * = 8*1*0. 
Xuw from Regnaull’s table of Saturated Vapour, maximum vapour pressure at 
t>-rC. = 8-07 mm. aud that at 14-4°C = 13*1 mm. Thus the relative humidity 


8 • 67 

Ts-i 


X 100 = GG-l£. 
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Mass of the Moist Air.— To had the mass of a given 
volume of Lit air. find ( 1 ) the mass of the dry air of the.same.olu.e 

mass. _ oq 


P mm. of mercury 

f „ 

(P -/) 

0 001293 gm. 


if 


11 


LU UOD. 

Let temperature of the atmosphere at the time 

pressure „ •• ” ” 

pressure of aqueous vapour actually present 

From Dalton’s law, pressure due to air only 

Now density of dry air at N. T. P. per c.c. 

Let the density of dry air at temperature t and 

pressure (P-/)“ P gm. per c.c. 

p _/ _ 760 _ 

From Boyle’s law, 3 + t) ° 0 001293 * 273 

273 P ”_f 

P - 0 001293 X -zfa + J' * 760 

... Mass of 1 litre of dry air at pressure (P - f) and temperature 
t °C is givon by 

273 P J 

Wi = 10J0 x P = l 493 x-^ 7 3 + 7 x 760 

Again density of aqueous vapour with respect to air - 0 622 

And the pressure due to aqueous vapour alone ~ f 

Mass of 1 litre of aq. vapour at pressure / and temp, t is 

273— „ _1 


VI 


1-293 *0 622*-7^3 ^ x 


760 6m ‘ 

mass of one litre of moist air at the time - m, +m a 
• # • - 07 Q f 

- 1-293 x + r293 x 0'622 x — ,« 4 

- 1-293 x x -i- x !P 0-622/1 


V I o 

1293 x 


273_ x 

x ?60 gm. 


Example* s— ...... 

. Q„ a certain day the dew point is 8-5*C. and the temperature of a,r e, 

,l c the relative humidity; the maximum vapour pressure for S U, 

i-C , 18°C. and 10°C. is respectively 8-01, 810. lfi-40 and 1« ^ mm^ ef^rem^y. 

A. Increase of vapour pressure for an increase of •°C s [™''_% C Q = = Qm „ 

0 - 3 e C. from 8°C. = 0-285 mm. 


• » 


>» 
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Again increase of pressure for an increase of 1°C. from 18° C. 

10-46 — 15-46 = 1-0 mm. 

0-4°C. from 18°C. =0-4 mm. 

Hence pressure at 8-50°C. = 8-04 + 0’285 =8-325 mm. of mercury 

And pressure at 18-4°C. = 15-46 -f- 0-4 = 15-86 mm. of mercury 
Relative humidity = 8-8-25 -r- 15-86 = 0-525 = 52-5% approx. 

2. The dew point on a certain day was 20-2°C. and the temperature of the air 
28-6°C. Calculate the relative humidity taking the necessary data from the Book of 
Tables. (Mod. XL—1949) 

A. From the table, saturation pressure at 20°C = 18-06 mm. and that at 
21 e C = 19-70 nun. So for 1°C, the variation of pressure = 1-14 mm. Hence for 
u variation of 0-2°C, by applying the law of proportion, the variation of pressure 
— 0*23 mm. Thus saturation pressure at 20-2°C =18-62 + 0-23 = 18-85 mm. 

Again, saturation pressure at 28°C = 29-04 mm. and at 29 C C = 31-54 mm. 

Hence for a similar reasoning, saturation pressure at 28-G°C = 30-90 mm. 

.’. Relative Humidity =— X 100 = 61%. 


3. The temperature of air on a certain day is 23°C., and the relative humidity 
is 60%. What fraction of the mass of the water vapour in the air would condense, 
if (he temperature decreases to 10°C. ? (Saturated pressure of water vapour at 
28' C. = 21-1 nun.; at 10°C. = 9-2 mm.). 

A, Let the mass of water vapour present in a given volume = m gm. 


> T , .. , .... mass of water vapour present (m) 60 

mass of water vapour reqd. to saturate 100 
.'. Mass of-uq. vapour required to saturate at 23 C C. = m X | 

. . mass of water vapour required to saturate at 10°C. 

mass of water vapour required to saturate at 23°C. 

Saturated pressure at 10°C. _ 9‘2 
Saturated pressure at *23°C. 21T 

Mass of nq. vapour reqd. to saturate at 10 e C. = x ~ /n — 0-73m 

211 8 

.'. The required fraction that would condense = 1 —0-73 =0-27. 


•1. Find the mass of a litre of moist air at 3U°C. when the barometer reads 758-6 
nun. and the dew point is 16-1°C. (Max. pressure of water vapour nt 16-1°C. = 
13-6 mm. of mercury). 


A. Pressure due to water vapour only =13-6 mm. of mercury 
Pressure due to dry air alone = 758-0 — 13-6 = 745 mm. 

Muss of 1 litre or moist air at 30°C. and 758-6 mm. 

= mass of one litre of dry air at 3(J°C. and at pressure 745 mm. 

+ mass of litre of water vapour at 30 r C at IS-6 mm. pressure. 

Yol of 1 litre of dry air at 30*C. and 745 mm. when reduced to N. T. P. 

-ix-lTL 

*^78 + 30 760 


litres 
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Vol. of 1 litre of aq. vapour at SO"C. and 13°G mm. when reduced to N. T. P. 


— IX a~ 


273 


273 -f 30 


13-6 

7G0 


litres. 


273 


[45 

GO 


= 1*1410 gin. 


Mass of the volume of dry air — 1-293 x 303 * 

273 13-G 

Mass of aq vapour contained = 1-293 X <>62 X 3o3 * 7G0 


= 00129 


Mass of 1 litre of moist air = 1 1419 + 0 0129 = 1 1548 gm. 

90 Condensation ol Water Vapour in the Atmosphere.- 

oivnn off from various water surfaces rises up m 

tafces Place g W0 brea the out in winter, the warm water 

vapour'gets condensed in the colder atmosphere and presents a misty 

aPP Dew n -buring day time the water vapour present in the atmos- 
, U o ; n o nnsaturated due to higher temperature and hence the 

phero remans directly noticeable. During the night, 

presence of water %apour , )reS ent and the surface of the earth 

the warmth of t e w ^ . q temperature. The layers of air very near 
as well as o . , J .. coo i and ultimately become saturated with the 
the surface of 1 in it If the cooling proceeds further, the air 

water vapour contamed m a P tor vapour , a portio „ of 

^^rislTh^efo^ Csiisd a, dem on the surface of the cold bod.es. 

The deposit'this 111 promotes°Radiation from the°oTrth 
eondltioris ( ) J dap ' to which the surfaces of bodies quickly cool 

a "1 SO dew is rapidly formed on them. (2) Absence of wind as in this 

and so dew is P q{ aif may remain i n contact with the cold 

C ? 9 ° ? fnrSufficient time to be cooled below the dew point. (3) The 
objects foi sum formed are to bo (») <jood radiators, us they 

“SrAy.MlW closed l ° theearth - I* the object is at 
would cool rapi y > ( slightly cooled due to contact sinks down 

* h ; e farmer layer from above comes to its place ; the result is that 
Uw of air which comes in contact with the body is sufficiently 

cooled to deposit its vapour as dew. ...... 

p. .. . Mi a f_If the temperature falls to such an extent that not 

hieofcs on the surface of the earth but aleo the whole mass of 
onW the j s gurfacQ . g ooole(] bolow the saturation point, condon¬ 
ation take place throughout a large mass of air in the lower regions on 
suspended dust and smoke partioles, thus giving rise to fog or mist. In 
hot countries it is usually formed during a still, cloudless winter night 
after a calm, warm day. A very dense mist is ordinarily called fog. 
Water is transparent but a patch of fog appears opaque owing to 
diffused reflections from condensed globules of water. _ 

Fog may be formed on land as well as on water surfaces, band fog 
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is formed when a mass of warm air becomes sufficiently cooled on 
coming to contact with the cold surface of the earth during the evening, 
night or morning. In this case the fog gradually extends upwards and 
the condensation takes place on smoke and hygroscopic dust particles 
serving a3 nuclei for condensation. "When the surface of the earth is 
cooled by radiation at night, the air in contact is cooled and some of 
the .condensed vapour i9 deposited as dew and some remain hanging in 
the air. In autumn or winter, fog is often seen on water surfaces. Here 
the water and also the layer of air just in contact with its surface are 
warmer than the air above. Water vapour is then given off in larger 
quantities and when air in a nearly saturated condition cools owing 
to contact with the cold air above, the fog is formed. 


The dense fog in large towns is due to the condensation of water 
vapour on smoke and dust particles, although smoke does not cause 
the fog On some occasions the mist becomes very dense late at night 
and continues in the following morning. It is found that the day is 
warmer on these occasions. Owing to the warmth of the day greater 
evaporation takes place depositing large mass of water vapour in the 
atmosphere. When the temperature falls by radiation, condensation 
takes place readily and a dense fog is formed. As the air warms up by 
the heat of the sun, it rises above the dew point ; the condensed water 
particles therefore evaporate and the fog slowly disappears. 

Clouds.—Clouds are mist formed high up in the air. Large masses 
of warm air charged with water vapour rise to higher levels and become 
cooled. The cooling may bo brought about by the contact with cold air 
above or on account of the expansion due to lowering of pressure in the 
upper regicus. If the temperature falls below the saturation point, the 
excess of moisture immediately condenses on floating dust particles as 
minute drops of water and becomes visible as clouds. Clouds may 
either remains stationary or may be moving with the wind. In any 
case, however, the constituent particles are in constant motion among 
themselves. A cloud remains suspended in air because the small parti¬ 
cles while tending to fail down enter into a warmer region and quickly 
evaporate. Again as the mass of water vapour is in state of going 
higher up due to buoyancy, it expands due to lowering of pressure. The 
expansion lowers the temperature of vapour to the condensation point 
tc form cloud again. Thus there is a coostant vertical up and down 
motion of water vapour iu the region of the clouds. 

I or ms of Clouds—According to the conditions under which they 
arc formed clouds have a variety of forms and structure. The following 
classifications were made and names given by Luke Howard, a London 

Cneiiiist, in 1S03. 

(1) Cirrus.—These are fibrous or feather like clouds of uniformly 
white colour occupying the highest regions of at least 25000 ft. in the 
atmosphere. They are composed of particles of ice formed by the 
freezing of the constituent, water drops, owing to the very low tempe¬ 
rature at the high altitudes. 
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(2) Cumulus. —These consists of extensive rounded masses convex 
above and flat below, resembling heaps of cotton wool. When columns 
of warm, moist air rise to cold higher regions, they get condensed at 
the upper extremities so that clouds are formed on the top of these 
columns at a height of about 5,000 to 10,000 ft. above the earth's 


surfacB 

( 3 ) Stratus._These consist of extended horizontal sheets of grey 

colour, hanging low in the atmosphere at a higlvt of about 2,000 ft. 
They are formed due to condensation, taking place at regions of contact 
of layers of air at different temperatures. They are characteristic of 

fine weather. , . ... , 

( 4 ) Nimbus.—These are black rain clouds appearing like form¬ 
less masses and with rugged edge at a height of about 1,000 ft. 

R a j n _Whenever two line droplets of water in a cloud come into 

contact, they coalesce to form a larger drop and fall down as rain. As a 
drop falls, some of the vapour in different layers of air condenses on 
the cold drop ; the drop thus gradually grows in size as it .alls down. 
The rain drops vary in size and velocity of fall. 

Rain Gauge —The amount of rainfall in a locality is measured by a 
simple instrument called a ram gauge. The form now commonly in use 
and known as ‘Simon's Itain-gauge' consists in its simplest form, of a 
funnel provided with a circular brass rim exactly five inches in diameter, 
fitted to a cylindrical body joined to the base. The baso is kept fixed 
to the foundation and the height of the rim of the funnel is one foot 
above the ground. The rain falling into the funnel collects into a bottle 
placod within the cylinder and the quantity deposited during a period 
of observation is measured in a glass cylinder graduated to hundredths 
of an inch. An inch oj rain means that tho water collected would fill 
the depth of an inch within the cylinder with its huso equal to the rim 
of the funnel. The annual rainfall at a locality is expressed in inches. 
A fall of one inch of rain on a square yard of surface represents 4*69 
gallons. The average annual rain-fall in Bombay is nearly 45 inches 
and that at Cherrapunji is 100 inches, where wo have the greatest 

amount of rainfall per annum. . 

gj ee t # _if the falling rain freezes before it reaches tho ground it 

is called sleet. 

Hoar-frost.—If the temperature of the surfaco ot the earth and 
of adjacent objects fall below O’C. before the duo point is reached, the 
water vapour in contact with the surfaces directly condonsos into icy 
crystals which are deposited as fast as they are formed. This deposition 
is called frost or hoar-frost. Thus frost is not frozen dew but is 
formed directly by the freezing of tho water vapour. Frost is injurious 


to plants. 

Snow.—Whon condensation takes place at a height wboro tho 
temperature is below 0 L C. the wator vapour directly condenses into 
crystals of snow around suspended nuclei. Tho crystals being aggregated 
form of snow flakes fall to the ground as snow Those crystals have a 
variety of forms and structure. 
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Hail.—Due to violent air current accompanying thunder-storms 
the condensed moisture in upper regions is carried up and down several 
times through regions of snow and rain, owing to which half stones are 
formed with alternate layers of white snow and clear ice. They may 
be of various shapes and sizes and are more or less transparent. 

WILLIAM HENRY DINES (1865-1934) 

Dines was born in 1865 at Horsham. He got his education at 
Windlesham and at Cambridge. He started his career as a tutor 
utilising his leisure in scientific studies. His main subject of interest 
was weather and its causes. Previous to Dines, Glaisher tried to 
ascertain the conditions of the upper atmosphere by ascending in 
balloons, reaching about 30,000 ft. from the ground. But to secure more 
stable and reliable reading at higher altitude, Dines constructed box- 
kites and pilot balloons with self-registering instruments and started 
investigation of the upper atmosphere in 1902. With these balloons 
ho mado some hundreds of observations upto a height of 9 miles. 

He constructed an improved type of hygrometer for the measure¬ 
ment of humidity at any altitude. He also made valuable researches 
regarding the formation of‘air pockets’ which aviators have occasionally 
to pass through. The meteorological charts of now-a-days which can 
forecast weather conditions of near future owe their origin due to his 
efforts. He died in 1934. 


Summary 

Hygromclry is that purt of Physics which deals with the study and measure¬ 
ment of the amount of aqueous vapour present in the atmosphere. 

The dew point is the temperature at which a given mass of air becomes just 
saturated with the quantity of vapour actually present in it. 

The relative humidity denotes the degree of the saturation of the atmosphere 
as regards aqueous vapour. It is expressed as 

jj _ Saturated vapour pressure at the dew point 

Saturated vapour pressure at the air temperature 

Hygrometers are instruments for determining the relative humidity of air at 
any particular time and place. There arc three types of the instruments: — (i) Dew 
point Hygrometer— (a) Danicll's (b) Iiegnault’s; (ii) the Chemical Hygrometer; 
( Hi) the Dry and A Vet bulb Hygrometer; (if) Hair Hygrometer. 


Reference 
Art. 84 


Arts. 
84 & 8o 


Exercises on Chapter YII 

I. IVliy does a glass tumbler ‘cloud over' on the outside when ice 
cold water is poured into it ? 

(C. U.—-1029, 'SO ; Dae. U.—1929; P. U.—1028) 

-• Define ‘Relative Humidity’ and ‘Dew Point’ and explain how 
the determination of the dew point enables you to calculate the relative 
humidity at a particular place. 

(C. U.—1953 ; Cf. Mad. U.—1950 ; R. P. B.—1941 ; Cf. Pat. U.—1953) 
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3. The average temperature of a summer day is much higher than 

that of a winter day, but still a damp cloth dries more quickly on a 
winter day. Explain why ? 19-20) 

4. The temperature of air in a closed space is observed to be 15°C. 

and the dew point is 8°C. If the temperature falls to 10°C. how will 

the dew point be affected ? (Pressure of aqueous vapour in mm. of 

mercury at 7 °C. = 7-47; at 8°C. = S-02). 

(Pat. U.—1941 : Gau. 1.—1949 


A. Dew point = 7-75°C. 


5. 

day in 


A hot day in Puri causes greater 
Delhi. Why ? 


discomfort than an equally hot 

(C. U.—194S) 


(i. Define relative humidity of the air and state how it can bo 
determined by knowing the dew point and using a table of saturated 
pressure of aqueous vapour. (Pat. U. 1935; U. P. B. 1938) 


7. The temperature of the air on a certain day is 23°C. and the 
relative humidity is 55%. What fraction of the mass of the water 
vapour in the air would condense, if the temperature decrease to 10°C. ? 
(Saturated vapour pressure at 23°C.= 21*1 mm.; at 10°C.= 9-2 mm.) 


A. 0-21. 


8. 

working 

big ? 


Describe a dew point hygrometer and explain the method of 
it What use is made of this instrument in weather forcast- 

(C. U.—1933 ; M. U.—1933) 


9 . Explain what you mean by humidity. Describe any method of 
determining it. 


On a certain day the temperature of the air at a place is 17°C. 
and the dew point is 12°C. Find the relative humidity. (Maximum 
vapour pressure of water at 12°C. is 1*040 cm. of Ilg. and at lT'C. 
is 1-442 cm.) (Dae. U. 1943) 


A. 72%. 

10. State what is meant by the term ‘relative humidity’ and des¬ 
cribe how its value may be determined. 

(Nag. U.—19.50; U. P. B.—1942 ; Andhra. U.—19.50) 

11. What is meant by Rcgnault’s table of saturation pressure of 
aqueous vapour. Show how this table will enable you to determine 
the relative humidity of uir, if dew point is known. (C. U.—1944) 

12. The table below gives the maximum pressure of water vapour 
in mm. of mercury: — 

4° .. 0*1 10° .. 9*1 

0° .. 7*0 12° .. 10-4 

8° . . 8-0 14° . . 11-9 


Explain how these data have been obtained experimentally nnd 
find the actual pressure of water vapour present in a room at 14° when 
the dew point is found be 5°. What is the relative humidity of the air 
in the room ? (Dae. U.—1941) 

A. 0*55 mm. 55%. 


Reference 
Art. 85 

Art. 85 

Art. 85 
Art. 85 

Art. 85 

• 

Arts. 
85 & 86 

Art. 85 

Art, 85 

Art. 87 

Arts. 
79 & 90 
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Reference 
Art. 86 

Art. 87 

Art?. 

87 & 89 

Art, 89 

Art ..8 9 
Art. 91 

Art. 91 

Art, 92 
Art. 92 
Art 92 
Art, 92 

Art. 92 


13. One day when the temperature of the air was 16-5 C C., the 
dew-point was found to be 12 °C, Find the relntive humidity. 

[Maximum vapour pressure of water at 12°C. = 1-046 cm. 
of Hz., at 16°C. = 1-3G4 cm. of Hg. and at 17°C. = 1-442 cm. of Hg.] 

A. 74-5% approximately. (C. 1 T -—1925) 

14. Describe Regnault's hygrometer and explain how you can rise 
it to determine relative humidity. 

(U. P. B —1942 ; Cf. R. P. B.—1952) 

15. Define ‘Relative Humidity.’ Describe Regnault’s hygrometer 

and the Wet and Drv bulb Hygrometer. Point out their relative advan¬ 
tage,. ' ' "" (Mad. U.—1948) 

16. Define relntive humidity. 

Describe a wet and dry bulb hygrometer. How would you deter¬ 
mine the relative humidity with its help ? 

(Del. U.—1943; C, V— 1948) 


17. Explain the use of a wet and dry bulb thermometer. 

(Mad. U.—1949) 


IS. A cubic metre of air, the relative humidity of which is 80% 
is dried at atmospheric pressure. Find the change in volume, if the 
atmospheric pressure is 755 mm. and the tempernturc is 30 c C. (Max. 
pressure of water vapour at 30°C. = 32 mm.) 

A. 3t X 10 s c.c. 

19. Calculate what fraction of the mass of the water vapour in 
I lie air would condense if the temperature of the air fell from 20 °C. to 
5 °C and if originally humidity was 60%. (Saturation vapour pressure, 
at 20 6 C == 17-5 mm. and at 5 C C = 6-5 mm.) 


A. -381 

20 . How is dew 
than on others ? 


(Mad. IT.—1948) 

formed and whv it is more copious on some bodies 

(C. IT.—1937; Pat. U.— 1045) 


©I Cloudle's nights are better for the formation of dew than 
cloudy ones. Explain. (U. P. B.-1050; Dac. U.-1929) 

oo \vhv does a morning fog generally disappear before noon ? 

(C. U.—1930) 


03 Explain the formation of clouds. 

‘ (C. U.—1932 ; Cf. U. P. B.—1947) 

04 Write a short essay on hygrometer. 

(U. P. B.—1048; cf. B. II. U.—1951) 

25. Write a brief illustrative account of the nature and mode of 
formation of clouds. fog and dew. Indicate the conditions that are 
favourable for their formation. (Ltkal. l T . 19al) 



CHAPTER VIII 

TRANSMISSION OF HEAT 


93 Modes of Transmission.—There are three distinct processes 
by which heat may be transferred from one placo to another. Those 
are Conduction, Convection and Radiation. 

(1) Conduction is the process in which heat is transmitted from 
the hotter to the colder part of a body or from one body to a colder body 
in contact ivith it, ivithout any transference of material particles. The 
agency of a- material medium is necessary for this process. Heat s 
transmitted through solids by conduction. If one end of metal tod is 
held in a flame, the other end soon feels warm ; the end gradual!} got, 
hotter and ultimately becomes too hot to ho hold in hand Considei the 

rod to bo composed of layers of material particles Hero hoafc lb h,at 
* . fnrl fche narticloa of tho rod in contact with the tire , these 

part^les'transfer heat to the adjacent particles and these to the nest 

layer of particles and so on by way of vibratory motion. In this a> 

heat passes on from one end of tho rod to tho other. 

(2) Convection is the process in which heat is transferred from one 
nointto another by actual movement of heated material particles from 
a vlace of higher temperature to another place of loiver temperature. 
Liquids and gases are generally heated by the process of convection. 
Take a flask partly filled with water (Fig Go) 
and drop a few crystals of potassium perman¬ 
ganate into the water ; heat the flask at the 
Wfnm A coloured stream of water is found 
to rise up from the bottom to tho middle of the 
flask and then to diffuse back down the sides. 

The water at tho bottom is heated first and 
being lighter it rises up the middle while 
coldor water from the top comes down tho 
sides to take its place. Two currents are thus 
set up in the mass of liquid,—an upward 
current through the middle and the downward 
current along the sides. These currents tend 
to heat tho entire mass of the liquid indirectly 
and are, therefore, termed convection currents. 

Again if we hold our hand above a flame, we 

feel hot. The air in contact with the flame being boated becomes 
lighter and rises up, while colder air from the sides rushes in to occupy 
tho space left by the heated air. The cycle of operation is repeated 
whereby we get a continuous current of heated air. 

(3) Radiation is the process in which heat can pass from one point 
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to another without the intervention of any material medium. By this 
process heat reaches us from the sun, although the vast space between 
the sun and the atmosphere of the earth is vacuous. Radiation is thus 
a distinct process. If we stand before fire, we feel hot. Heat comes to 
our body not by convection, for due to convection heated air rises up¬ 
wards while cold air rushes from the sides towards the fire. Nor has 
the heat reached by the conduction, for air is a bad conductor and the 
effect of the cold stream of air moving inwards would neutralise the 
outward transference of heat by conduction. Heat here comes by 
radiation. 

94. Distinction between Conduction, Convection and Radia¬ 
tion.—(l) In conduction and convection , beat is transmitted by means 
of material particles while in radiation heat can pass through vaouum. 
In conduction heat passes from layer to layer without any transference 
of the particles of the body, while in convection, the particles carrying 
heat actually move from one part to other. Solids are heated by con¬ 
duction and fluids (liquids and gases) usually by convection while the 
process of radiation involves a wave-motion through empty space. 

( 2 ) Conduction and convection are sloiv processes, while radiation 
is an extremely quick process ; heat radiation travels with a velocity 
equal to that of light. 

( 3 ) In conduction and convection , heat is transmitted in any path 
while in radiation heat travels in straight lines. Thus the direot heat 
of tho sun is cut off by an umbrella and the heat of a fire can be shut 
out by an intervening screen. 

95. Comparison of Conductivities.—The property of a sub¬ 
stance duo to which it can transmit heat by conduction is known as 
conductivity. All substances do dot possess this property to the same 
degree Substances which readily conduct heat through them are 
called good conductors, c.g . metals, while those which do not conduct so 
readily are termed had conductors, e g., glass, wool, felt, gases etc. 
The conductivity of different solids can be roughly compared by the 
following experiment. 

Ingen-Hausz’s Experiment.—The apparatus consists of a metal 
trough T (Fig GG) provided with a number of holes at its side. A 
number of rods of the same dimensions a, b, c, etc. but of different 
materials, such as brass, iron, copper, wood, glass are fixed exactly into 
theso holes. The rods extend slightly to tho same distance into the 
trough and are all coated outside with paraffin wax. The trough is 
filled with water, kept boiling by some heater. So one end of each 
rod is raised to the temperature of boiling water. While heat is con¬ 
ducted along the rods, the temperature rises gradually to the melting 
point of paraffin wax as indicated by the melting of wax over the rods. 
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When the steady state has been attained, it is found that was has 
melted over different distances along 
different rods, the distance being large 
in case of copper and very small in the 
case of wood or glass. This shows that 
the conducting power is different for 
different substances. It can be proved 
from theoretical consideration that the 
conductivity of a particular material is 
proportional to the square of the length 
over which wax has melted on the rod 
of the material, when the stationary p. 

temperature has attained. This is a 

very ready method of comparing the thermal conductivities of different 

materials. , . 

90. Thermal Conductivity {Coefficient of Conductivity )—The 

thermal conductivity of a material is the quantity of heat that flows in 
one second through unit area of a plate of that material of unit thick¬ 
ness, the difference of temperatures between the faces being unity and the 

flow of heat being normal to the faces. 

Let us take a plate of some material, with two opposite parallel 

faces at different temperatures. Ileat will flow from the face at higher 
temperature 0 t to the other face at 0 a . The total quantity of heat Q 
flowing through the plate is (i) directly proportional to A, the area of 
cross-section of the plate ; (it) to the difference of temperatures (0 X -0*). 
between the faces ; (Hi) to the time t in seconds and (iv) inversely 
proportional to d, the thickness of the plate. 

^ (o x -o 9 )At 
Then Q* 


Q 


d 

k\(e^-o,)t 

d 


(96.1) 


1 


where k is constant, depending solely on the nature of the material of 

the ^p ato^. ^ ^ 0 L - 0 8 «=■ 1°C, t - 1 sec and d - 1 cm., then Q becomes 

equal to k The constant is called the thermal conductivity of the 
material of the plate. 

(0 — 0 ) 

The quantity' 1 ^ * is called the temperature gradient or fall of 

temperature per unit length. Hence the thermal conductivity of a 
substance may also be defined as the quantity of heat flowing in unit 
time through unit area of any section of the substance, the tomporaturo 
gradient normal to the section being T per unit length. 

97. Determination of Thermal Conductivity.—The thermal 
conductivity of a good conductor can be readily determined by moans of 
Searle's apparatus (Fig. 67). AB is a bar of the material of which the 
thermal conductivity is to be found. The bar is covered with felt so 
as to minimise loss of heat from its sides. The end A is placed in a 

H—29 
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chamber through which steam is passed while round the other end a 
coil C of thin copper tubing is soldered, through which a steady flow of 

cold water is maintained. 
The temperatures 0 X and 0 a 
of the water at entrance and 
exit respectively are indica¬ 
ted by two thermometers. 
Two other thermometers are 
placed at a known distance 
apart into mercury contain¬ 
ed in two grooves on AB. 

By regulating the flow 
of water, a steady state of 
temperature is reached ; the 
quantity of heat now flow¬ 
ing through any section is the same, (any loss by radiation being neg- 
lectod), so that the quantity of heat flowing into the bar at the hot end 
is equal to the quantity flowing out at the other. The quantity of 
water passing out in a given time is collected, temperatures at entrance 
and the exit being noted. Thus the qu mtity of heat absorbed by the 
water is found, which also gives the quantity of heat flowing through 



the bar during the time. 

Lot the cross-section of the bar 

length of tho portion under observation 
difference of temperature at the two points 
time during which experiment i 3 continued 
quantity of water collected 
required thermal conductivity 
Temperatures of water at the inlet and exit 


= 9 sq. cm. 
— d cm. 
~ 0<-0 8 
—t sec. 

“ m gin. 

*= 01 and 0 a 


Then the 
time is 


quantity 

m 0 , - 


of heat flowing through the bar during the 



(97,1) 


whence 7c can be calculated. The unit of k in C. G. S. is calorie per cm. 
per deg. per sec 

Tho following Table supplies thermal conductivities of various 
substances ; — 


Thermal Conductivities 


1. Subs- 
; tunee 

Conduo- Subs- 

tiviiv tance 

C. G. S. 

i 

.ViULLiiniuni 

•49 • Silver 

• Copper 

*92 Rrass 

, Gold 

<0 Glass 

Iron 

T4 Fireclay 

Mercury 

'2 Asbestos 


Conduc¬ 

tivity 

C G. S. 

Subs¬ 

tance 

Conduc¬ 

tivity 

C. G. S. 

'97 

Ebonite 

4 x 10 "A 

26 

Felt 

9 x 10 _s 

2 x 10" 3 

i Flannel 

2*8 x 10“ * i 

•i * nr 3 

l 

Porcelain 

2 5 x 10' 3 

6 x 10* * 

Rubbor 

4*5 x 10' 1 1 
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98. Influence of Specific Heat on rate of rise of Tem¬ 
perature_When one end of a road is heated, its temperature gradu¬ 

ally rises. Each portion of the rod receives by conduction from the 
previous layer more heat than the quantity it transmits to the next 
layer and also it loses heat by radation : this excess being absored raises 
the temperature of the particular layer. The rod is now at the variable 
state. But after sometime the heat received by any layer becomes 
equal to the quantity transmitted to the next layer together with that 
lost by radiation from the particular, layer : there is now no further 
absorption of heat and so no further rise of temperature. This is called 
the stationary 9tate. 

In the variable state, the rate of rise of temperature at the point of 
the rod, that is to say, the quickness with which any point of the rod 
is raised in temperature, depends not only on the thermal conductivity 
but also on the specific heat of the material. In the stationary state, 
there is no further absorption of heat and so the llow of heat depends 
only on the thermal conductivity. Take a unit volume of the rod in 
the variable state of temperature. 

Let the density (i e , mass per unit volume) of the material 

ep. heat and thermal conductivity of the material ■= s and k 

rise cf temperature of the substance per socond •= t C. 

Then quantity of heat reaching unit volume per second =»/> s t. = k 

. k Thermal conductivity 

• Rato of rise of temp. t = _ , .. , 

s p Thermal capacity por unit volume 


In other words, the riso of temperature of unit volume of the rod is 
directly proportional to tho thermal conductivity (hence to the quantity 
of heat reaching the volume) and inversely proportional to tho thermal 
capacity per unit volume (spocific heat x density). Tho ratio k s P i3 
constant and determines tho rate of rise of temperature of a given rod. 
This constant has been termed diffusivity by Kelvin and thermometric 
conductivity by Maxwell, tho former term being more commonly used. 

The rate of riso of temperature is slower for a body of higher 
thermal capacity. Hence during the variable state of a substance of 
low specific heat, the temperature may rho quickly to tho steady 
point, although the conductivity is loss. Thus, the thermal conductivity 
of iron is double that of lead while tho specific heat of iron is about 
four times that of load. If two rods of iron and load, of the same 
dimension, bo coated with paraffin wax and exposed at one end to the 
samo temperature (as in Pig. 66) wax is found to melt first on tho load 
rod but ultimately when the steady state is roached, the wax would 
melt to a larger distance on the iron rod. 

Examples t— 

1. An iron boiler I'M cm. thick contains Ixfiling water at atmospheric pressure. 
The heated surface is 2*5 sq. metres in area and the temperature of the underside 
is 120’C. If the thermal conductivity of iron be 0-2 and the latent heat of steam 
63(1, find the mass of water evaporated per hour. 

(R. I*. B.—1010; Pat. U.—1030 ; Dae. U.—1033) 
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A. Evidently the water in the boiler is at 100° C. 

•2-5 sq. metres — X 10 4 cm - . 

Let the quantity of heat conducted per hour = Q calories. 

0-2 X 2 o X 10* X 020 - 100) x 00 X 60 
From eqn. (00.1) Q=- 


• • 


1-25 

= 288 X 10“ cal. 

°88 X 

Quantity of water evaporated =-j-gjj — 537-3 kgm. 

2 The effective wall area of a room is 100 square metres. Find the rate of 
flow of heat through the walls of thickness 00 cm. when the temperature of the 
interior is 30°C. and that of the exterior is 0 C C. (Thermal conductivity of the material 
of the wall = 0-002 C. G. S.). (Mad. U.—1951) 

A. Area of the walls = 100 sq. m. = 10" sq. cm.; thickness = 00 cm.; difference 
of temperatures = 30°C.; thermal comluctviity = 0-002. 

0-002 X 10“ X 30 „ , . 

Hence Q = - = 100 calories per sec. 

ft. V hollow cube of metal with sides 10 cm. long 1 cm. thick is filled with 
melting ice and kept surrounded by water at 100 6 C. How much ice will melt in an 
hour? (The conductivity of metal = 0-5 and latent heat of fusion of ice = 80). 

A. The cuIk* has six faces, each of area 100 sq. cm. 

Total area through which heal cnlesr = 000 sq. cm. 

Quantity of heat conducted per hour 
(l a X 000 X 100 X 00X00 

_ - 1 

432 X 10 3 

.'. Amount of ice melting per hour = --— =54X10* gm. 

4 Fi n d the difference in temperatures between the two sides or a boiler plate 
20 mm. thick and of conductivity 0-2 C. G. S. units when transmitting heat at 
the rate of (i00 kilogram calories per square metre per minute. (Raj. U.—1953) 

A Here Q = 000 X 1000 calories; conducting area A = 100 X100 sq. cm. 
lime t = (»0 sec.; thickness d = 2 cm.; conductivity k=0-2 C. G. S. 

•2X100X100X (Pt-9 j) X60 

Hence (100X1000 = - ~ 

(i, -a, = difference of temperatures = 10‘C. 

5. A current of dry steam is maintained through a glass steam trap surrounded 
l>.v melting ice on all sides. Calculate the thickness of the glass walls and the steam 
condensed p. r i.limit - it the total area of the glass trap is 100 sq. cm.; ice melted 
per minute is 7.'* gin., thermal conductivity of glass is -001. (Nag. I .—1953) 
A. Here 1 1— heat absorbed bv 75 gm. of ice in melting = 75 X80 cnl. taking 
latent beat ol a - to be SO eul./cm.; t = 00 sec.; conductive area A= 100 sq. cm.; 
ilicerenee of temperatures •», - P e = 1<H»°C. ; comluctivily Ic or glass = -001. 
lb-nce according to eqn. (97.1) 

•001X100X100 X 60 . . . 

75 X SO = — -whence d = 1 cm. 


cal. = 432 X 10-" cal. 


90. Conductivity of Liquids—With the exception of mercury 
and raotals in the molten state, liquids in general are bad conductors of 
heat. In measuring the conductivity of a liquid, difficulty arises QO 
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account of (l) the convection current set up and (2) the conduction of 
heat through the walls of the containing vessel, 

The thermal conductivity of water can be demonstrated in the 
following way. Take a thin walled test tube (Fig. 68) nearly filled 
with cold water ; sink a piece of ice, suitably weighed, into the water. 
Hold the test tube in an inclined way and heat the water near the top 
in small flame, It will be found that the water at the top may be boil¬ 
ing while the ice does not appreciably melt. By heating the tube at the 
top convection current is avoided and the low conductivity of water is 

clearly shown. , 

The conductivity of liquids can be compared by Despretz s method. 
The apparatus consists of a tall cylinder fitted with a number of equi¬ 
distant holes arranged vertically. Each hole is provided with a water 
tight cork through which the bulb of a thermometer can be inserted 
within the cylinder. The cylinder is nearly tilled with the liquid and 
cylindrical copper vessel is fitted on to the top. By circulating hot 
water at about 100°C, into the upper vessel the 
liquid in the cylinder is heated by conduction. 

Heat travels downwards very slowly, showing 
the low conductivity of the liquid. Aftor a 
sufficiently long interval a steady state is 
attained when the temperature indicated by 
each thermometer is noted. The liquid, is 
removed and the experiment is repeated with 
another liquid. If distances from the bottom 
of the copper vessel to points showing the same 
rise of temperature be h and l a repectively in caso of liquids of thermal 

conductivity k »,&« then. 

rr~ - ruling 
1 *% 

100. Conductivity of Gase9.—The conductivity of gases is extre* 
mely low, the gases (except hydrogen and helium) being worst con¬ 
ductors of heat. The measurement of conductivity of gases is rendered 
very difficult owing to effects of convection and radiation, 

The conductivity of a gas was measured by Kundt and Warburg by 
observing the rate of cooling of a heated thermometer bulb of approxi¬ 
mately known thermal capacity. The bulb was enclosed in a spherical 
vessel which contained the experimental gas and whoso outer surface 
was kept at 0°C by a water bath. By reducing the pressure to less 
than 150 mm. the effect of convection was rendered negligibly small 
while conductivity was not affected. By observing the rate of cooling 
of the thermometer when the enclosure was made as perfect a vacuum 
as possible the effect due to radiation only was found. The difference 
between the two observations gives the quantity of heat transmitted 
by conduction only. Knowing the radius of the enclosure, the difference 
of temperatures and the time for the fall, the thermal conductivity k 
was calculated. The 7alue of k for air as determined by more oareful 
experiments, is 0'000056 C G.S. 
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lOi. Good and Bad Conductors.—If a piece of wire gauge is 
placed upon the flame of a gas burner (Fig 69), the flame appears only 
below the gauge but does not get through it. The heat is conducted 
away from the flame by gauze so rapidly that the gas above the gauze 
does not get sufficient heat to reach the ignition point and so the fame 
does not extend above the gauze. If a lighted match-stick is now 
applied just over the gauze a flame is produced, showing that the gas 
has been all along passing through the meshes. If the gauze were 
held for a sufficiently long time so as to be heated above the ignition 
point of the gas, the flame would extend above the gauze. 

Again a piece of wire gauze is held a little above the burner ; the 
gas is turned and lighted above the gauze ; flame is produced above 
but it does not extend below the gauze. As the heat of ^ the flame is 
rapidly conducted by the gauge, the gas below is not sufficiently heated 
to reach the ignition point. If the gauze is moved up or down, the 
flame also moves. By applying a lighted match-stick below the gauze, 
the flame can be produced there. 

rf an wooden table and iron knife lying on it bo touched, the knife 
feels colder than the table, although both are at the same room tem¬ 
perature. Iron being a bettor conductor takes away heat from the hand 
more rapidly than wood ; iron therefore cools the hand more rapidly 
and so appears colder. If the hand is colder than the common tem¬ 
perature of the two objects, the iron knife will appear warmer to the 

touch than the table ; for heat will pass 
into the hand more rapidly from the 
metal than the wood. Again if a piece 
of wood and piece of metal have been 
lying long in the sun, the latter will 
appear uncomfortably hotter to the 
touch. For the same reason, a marble, 
floor appears colder than a cemented 
floor and a piece of oil cloth than a 
linen sheet. 

A glass rod can bo melted in a flame by holding it at a point very 
elo3e to the flame, while in metal rods, even a distant point becomes 
too hot to the touch. To prevent it from becoming inconveniently hot, 
handles of soldering “iron" and of metal kettles, tea-pots, cookers, 
etc., are provided with handles of non-conducting substances. 

Water can be boiled in a vessel of thin paper. The temperature of 
the water does not rise above 100 C and as the paper is vory thin, heat 
is conducted rapidly through it and so it is not sufficiently heated to be 
charred. Steam pipes exposed to air are covered with loosely paoked 
asbostes, so that very little heat is lost. Fireproof safes have asbestos 
lining and are made of double sheets of iron with the intervening space 
filled with woodasb, saw-dust, etc. 

The low conductivity of air is observed in various cases. In winter 
wo use woolen clothes, blankets, etc. to keep us warm. They prevent 
the escaps of the heat of the body for two reasons ; firstly, wool is a 



Fig. <39 
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bad conductor of beat ; secondly, the air which is enclosed in the 
interstitches of the loosely woven fabrics is § also a bad conductor. 
These clothes are generally designated as warm although they 
are not actually warmer than other objects in the room, it is also 
to be noted that the mass of air should be at rest, otherwise heat 
will be lost by convection. If this were not so, the air surrounding 
our bare body would have been enough to keep us warm and there 
would not have been any necessity of ‘‘warm” clothes. 

Although the conductivity of wool and cotton does not differ much, 
the former is preferably used in the manufacture of the so called warm 
clothings’ ; for wool beiDg more loose holds a thicker layer of air for the 
same weight. A new quilt is ‘warmer' than a old one, for in the latter 
much air has been pressed out. In cold countries rooms are often 
provided with ‘double’ windows to keep the room warm owing to the 
enclosed layer of air. IE ice is to be kept long, it is wrapped in a blanket 
or placed within saw dust, both of which being poor conductors prevent 
heat of the atmosphere from reaching the ice. 

Davy’s Safety Lamp.— The heat conductivity of a metal is 
utilised in the construction of the Davy’s Safety lamp. 

This is an ordinary lamp the flame of which is com¬ 
pletely surrounded by one or to layers of thick iron or 
copper wire gauze (Fig 70) ; the air necessary for com¬ 
bustion passes in through gauze. If the lamp is taken 
inside a mine in which marsh gas is present, the gas 
enters the lamp and burns inside with a dull blue flame. 

The heat of the flame being quickly conducted by the 
gauze the gas outside is not readily heated to the ignition 
point.' The appearance oj the Jlamc indicates the presence 
of the explosive gas in the mine and acts as a warning to 
the miners. In the improvod pattern, for stronger light 
the tlamo is surrounded with glass having wire gauze 
above and below. 

102 Convection of Liquids.—The convection of 
heat in*a liquid can be demonstrated in the following 
way Arrange the apparatus as in Fig. 71. B is a llask 
fitted with a cork and C is a wide mouthed vessel open at 
the top and closed with a cork at the lower end. The glass tubes pass 
through both the corks. One of these D, which is straight, passes just 
into B and extends at the other ond up into C ; while the other tube E. 
bent as shown in the figure, reaches almost down to the bottom of B 
and extends at the top just into O. Fill the whole apparatus with 
water, covering the upper end of tube D and taking caro that no air is 
left in B. Colour the water in C with some dye and secure the 
apparatus with a suitable clamp. Heat B from below with a Bunsen 
burner. The water in B becomes heated and rises up along D to C 
while the coloured colder water from C flows down E into B to take 
the place of hot water. The circulation of water thus set up is clearly 
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indicated until ordinary and coloured water becomes mixed. The above 
experiment demonstrates the principle of the hot water heating 
system in buildings. 

103. Convection of Gases.—When a quantity of any 
gas is heated, it rises up an i Hie colder gas from all aides 
rushes to occupy the space thus setting up convection 
currents. It is a fact of common experience that whenever 
a house is on fire, the wind blows from all sides towards 
the place and thus helps the tiro. Stand a lighted candle 
on a basin and pour some water in it ; put an ordinary 
lamp chimney over the candle, so that the bottom of the 
chimney i3 under water. The flame gradually becomes 
weaker and finally goes out. At the ingress of air from 
below is cut off, the flame does not get fresh supply of 
oxygen which is essential to combustion and so it goes out 
The flame continues to burn if a slight opening is made for air by 
raising the chimney even slightly above the water. 

Now take a piece of T shaped card-board and 
insert it at the top of the chimney -o as to divide 
the upper part into two halves (Fig. 7 2). Light 
the candle again and observe that it continues 
to bum. Hold the piece of smouldering paper 
over the chimney near one side of the card-board ; 
the smoke goes down by one side and rises up by 
the other side of the card-bourd, thus indicating 
the direction of the air currents. So in one half 
of the tube there is an inward draught supplying 
fresh air to support the flame while throught the 
other half the heated air goes out, taking off the 
products of combustion. This experiment illus- Fig. 72 

trates the principle of ventilation of rooms and in some coal mines. 

Ventilation.—It is the process by which the warm and impure air 
in a room goes out while fresh air from outside takes its place. 
Ventilation is brought about by convection currents set up in the room. 
The air in a room is made warm due to the presence of the immatea, 
cud being lighter rises up, and escapes through a series of holes near 
the cornice, known as ventilator. Fresh air is drawn in from outside 
through opening below so that a continuous circulation of air is set up 
which keeps the room tilled with fresh air. If there is a fire place in a 
room, the draught in the chimney also helps ventilation. The heated 
air and smoke go up the chimney while fresh air from the outside 
comes into the room. 

Chimneys of lamps or furnaces are designed on the principle of 
convection. The heated nir together with smoke and products of 
combustion go up the chimney while fresh air enters through the holes 
at the bottom of the burner or tho tire place. A convection ourrent is 
thus set up, which maintains the combustion of the flame or lire. 
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If the chimney be removed, then (i) the regular draught of air is no 

si 

m P 9 r n t y, o n fn r^sea L a 

melting. Further due to- the con ^ ^ ^ of ^ Sq . q tb 

thrown off by the ' , blac k e ning caused by the deposit of 

case of these gas-failed ^mps d over tho entiro 

a?£S3£ '5 ■KSKS& —. 

in the atmosphere due to local vana* o * and colder ftir from 

cular place gets ^^l^l towards the region, producing winds. Again 

surrounding places proceeds towards the re 6 10n ' P t * water vapout 

a region at higher'temperature; contains larger a than tt ir, 

due to the greater evaporation. As water vapo ^ 

‘th 6 eforo U due WO to convccMon currents in the atmosphere produced due 
tea'loo” decrease in density airier n-ol or 

becomefverTgroat.'tee cold air'from all sides lushes to the place with 

a very high epeed to Pr oduce absorbs heat from the sun more 

dW than water also owing to its lower specific heat, land is soon 
rapidly than ' v ’ ture than water. Thus, during day time land 

raised to higher P ft ™ ftQ tho BOa . The air in contact with land be- 
becomes more 1 t d th rUea while the co i de r air over the sea 

. comes heated ana b s . hfc i B called a sea breeze. Again 

blows towards Jflly than tho sea £nd so gradually 

d rt r Tns D a lower tempera".^ than' thc latter ; the air in contact with 
attains ^ a h j gber temperature rises up while the colder uir 

over b thf land blows towards the sea, producing what is called a land 
bruzt The effect of such breeze seldom extends beyond twenty-hve 

““TradT wind^-The eurface of the earth near tho equator becomes 
izreatly heated by the sun ; tho air in contact being heated rises up and 
colder* air from tho north and the south is drawn towards the equator. 
If the earth were at rest this would produce a north wind in the nor¬ 
thern hemisphere and a south wind in the southern hemisphere. But 
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owing to the rotation of the earth from west to east, there appear 
relative to the earth at the lower levels, a north easterly wind in the 
northern hemisphere and a south-easterly wind in the southern hemis¬ 
phere. These are known respectively as the North-East and the 
South-East Trade Winds. 

Monsoons.—These are periodic winds blowing from large conti¬ 
nents towards the ocean and vice-versa. During the hot seasons the 
regions in Central Asia beoome more strongly heated than the waters 
of the Indian Ocean due to (l) the rays of the sun falling nearly verti¬ 
cal on the former and (2) the difference in the effects of the sun’s heat 
on land and water. Currents of hot air rise upwards from the heated 
regions while stream of air charged with moisture blow from the 
Indian Ocean on the south towards these regions On the vvay the 
moist air becomes very warm and takes up plenty of moisture. When 
it meets a barrier of high mountains, it rushes upwards to great height 
and is thus cooled both by expansion and by elevation to colder 
regions. Hence the moisture condenses and falls down as rain. Thus 
the moist air from the Indian Ocean being obstructed by the Assam hills 
causes profuse rain in Assam and Bengil. In fact the world's greatest 
rain fall occurs at Cherrapunji in Assam Owing to the rotation of the 
earth from west to east this current of moist air seems to blow from 
the south-west and is called the south west or rainy monsoon. During 
whiter the rays of the sun fall vertically over the waters of the Indian 
Oceau, which therefore becomes more heated. Hence the colder air 
from the regions of Central Asia appears to blow across India from the 
north-east and i3 called north east or dry monsoon. 

Ocean currents.—They are caused partly by conveotion aud partly 
by winds blowing along the surface. The cold waters in the polar 
regious sink down and dow towards the equator as a deep under current 
while the surface waters at the equator on being heated become lighter 
and flow towards the polos as a surface current. The gulf stream is 
a huge surface current which starting from the Gulf of Mexico flows 
along the east coast of the United States, crosses the Atlantic and runs 
along the west coast of Europe. 

:: 105. Modern Air Conditioning.—The subjeot of maintaining a 
closed room in a comfortable state of temperature, purity and ventila¬ 
tion of air with a congenial proportion of water vapour is called air 
conditioning. The importance of the subject is growing daily with 
rapid strides of material civilisation. 

Necessity.—The modern civilisation has compelled groups of people 
to stay together in-door for hours and hours A boy has to spend a few 
hours each day in the company of other boys in the school classes. 
When he grows up older he attends College classes, meetings, libraries 
and participates in debatiug societies, social gatherings or cinema 
shows. He has often to move in over congested automobiles. In prac¬ 
tical life he is employed in a Arm or a factory till his ago of retirement. 
In fact a good part of his life is spent in company with many people in 
some closed space of some form or other. 

In a closed and crowdy space the foremost problem is that of 
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. , . . ran niflHnn The local atmosphere, due to insufficient supply 

Of fresh «r. 7™^ “fF by the people inside. Moreover the 

some organic matters ihich pisses out from the body 

human body is a generator of Mrspiration and also by convection 

mainly in form o normal rate, the feel¬ 

ing if comfortable ;‘if it Hows less the feeling is stuffy whereas ,f it 

become much more uncomforte 
On the other haud during win¬ 
ter in a drizzling atmosphere 
the feeling is much more chilly. 

Thus humidity plays an im¬ 
portant part along with tem¬ 
perature in our feeling of com¬ 
fort. In 1910, a series of ex¬ 
periments were undertaken at 
Chicago with a view to deter¬ 
mine the most favourable tem¬ 
perature and humidity for the 

best comfort in school rooms. ^ „„ , , - - 

It was found that there was no 30 40 *0 60 A 70 « b0 

fixed temperature or humidity Relative Humidity 

required for the best comfort Fig. 73 

but a relative proportion o t leso ,. r» v varying the tempera- 

‘"O a r; y umi t dUy S ci y i 0 X C ed a r 'rf. n a S so^s rfdaVfor temperature 

ture and humidity Graphically represented in Fig. 

snd humidity was obtamed Th.s <;«P^ e ow /t h o comfort lino. The 

73 The curve O “fjorn corresponding to any point of this lino would 
condition of a closed ro perature of 7 l°F with 30% humidity is 

give best eomiort T t emper ‘ t ure of 61 F with 70% humidity. The 
equally comfortable as on Qr above E appears 

curve D a the curve Vi. cool and A very cold. This 

very warm. course slightly varies with persons and this is the 

Siting oond.tron of coume people , tropica 

average hm t ot J tbougb nQ 8Uoh eta ti 8 tical curve of comfort 

Uyetlvailsble, but the ‘warm line' Dot the graph would most probably 

be «atine“and*°VenUlation.—In cold countries the atmospheric tom- 
Heating beiQw 65Cp for a major parfc of the yoftr an d for air 

perature is m°. Qd q[ heat ig nece8Bary . For warmth hreplace 

conditioning ^ in most houses. Just above the fireplace is 

fitted a chimney for heated air and smoke to escape and the warmth of 
the room is maintained by convection and radiation from the fire place. 
Pure air from outside is sucked in and the ventilation is maintained. 
But this sort of a fire side is a bad economy as only 10 to 15 o of the 
heating value of the fuel is usefully utilised. 
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An improved form of heater by a circulation of hot water, employed 
in large buildings, is shown in Fig. 74. The water is heated in a 
boiler from a furnace below. The heated water rises up through a 
vertical pipe attached to the boiler and passes on to each floor through 
side tubes. Each room is provided with a radiator which is a series 
of highly polished bare copper tubes, through which the hot water is 
made to circulate. In the process of circulation the water gives up 
most of its heat to the air of the room through the copper tubes. The 
cooler water run3 down through the return tube leading from the feed 
cistern and re-enters the boiler through its bottom part. A circula¬ 
tion is thus sut up and is maintained so long a3 the boiler is heated. 
In order to drive away any air collecting in pipes, an air trap is 
usually fitted at the top of the out-flow tube. This type of hot water 
heating utilises a much greater proportion of heat of the furnace and 
there is some natural ventilation of air inside. Moreover as the cir¬ 
culation of hoat takes place mostly by convection, the air of the room 
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water is sent to the sprayer or air washer and the other through which 
water returns from the sprayer after absorbing heat. The circulation 
of water is mintained by a pump. 

(ii) Air Washer.—This is a chamber having three interconnected 
compartments. At the extreme end of the chambsr there is a centrifugal 
air pump U which sucks in air from the other end of this unit througii 
two ventilators O and A. Through one ventilator O outdoor pure air 
is drawn in and through other ventilator A partially heated and impure 
air from the closed room to be air-onditionod recirculates. The 



Fig. 76—Air washer system 

mixture then passes through one automatic air filter F which absorbs 
carbon dioxide and dust particles. Then this current of air is led 
through a chamber C called the cooling chamber. This makes the 
temperature of the air much lower than the comfort lino as also the 
air becomes saturated with water vapour. The cold water at the 
required temperature is brought from the refrigerator to the chamber 
through the pipe V and is sprayed through a number of jots by a com¬ 
pression pump P. The water from the jots in the process of evapora¬ 
tion absorbs the latent heat and thereby cools the air current. The excess 
water is deposited in a tank S wherefrom it is led back to the refrigera¬ 
tor through the pipo W to be cooled again and recirculated through V. 

After passing through the cold sprays, the saturated air is heated 
to the comfort temperature by a heating unit R. This process makes 
the air again unsaturated, its temperature and humidity being kept on 
the comfort line. It is sometimes called dehumidifying air This air 
is finally sent through a large pipe T to the duct system. 

Air washer system is also utilised in heating and ventilation. In 
this case the outer atmospheric air, supposed to bo much colder than 
the room temperature, is admitted through the ventilator O where it 
is preheated by the heating coil H, to the temperature of the impure 
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air of the room to be resucked through the ventilator A. This makes 
the temperature of the mixture a few degrees below the desirel tempera¬ 
ture. The refrigcator is stopped and water at a temperature slightly 
higher thin that of the mixture is sprayed through the jets of the 
chamber G by means the pipe E. Thu3 saturated air at a temperature 
of a few degrees below the desired temperature is agaio heated by the 
heater R before it is sent to the room. The temperature of saturated 
air is so adjusted that mere heating it gives the circulating air a tem- 
perture and humidity suited to the comfort chart. 



Fig. 70—Air conditioning system in an Auditorium. 

(iii) Duct System.—The cold air is sent through a large pipe 
to a system of orifices evenly distributed on the ceiling of the room. 
The air circulates through the room and is sucked through a number 
of ducts on the door and is returned to the air washer for a fresh 
purification and circulation. Fig. 76 shows an arrangement of air 
conditioning in an auditorium. 

In the complete picture (Fig. 76), li represents the refrigerator from 
which cold water at the desired temperature is supplied to the air 
washer Q through the pipe V and is taken back through the pipe W. 
Air is sucked in by the pump through the air washer, which becomes 
first saturated at a cold temperature and is then properly warmed to 
attain the required degree of temperature and humidity for comfort. 
This air is sout through the pipe T to the auditorium. For a big hall 
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where there are upper and lower “S. 

two branches as shown at B- u through a number of ducts K 

ceiling from which it is led in - fices Y just below the seats on 

and is led out through a num IIJLP to bo reconditioned with- 

the upper gallery to the xetur » P P raQch BFG supplies air to the 
in the air washer. The other « led out through orifices X and 

lower gallery through ducts h. wh ' c ‘ Ther0 |g thuS a slow vertical 

is sent to the washer throng ‘ 1 ^ g represe nt the projection room 
cool air current in the ha 

and the screen. _W e know that heat transmitted 

106. Nature of Radiation d also through a material 

by radiation can pass through a vacuum 
medium It has been formerly suppose 
“ at the whole space of the universe s 
filled with a continuous and ela. 
medium, called ether The vibrations of 
atoms anti molecules of a boated body 
setup transverse waves m the sir 
Bounding ether, which travel out in a 
directions with an enormous velocity 

of about 186,000 miles per second and 
carry the heat energy from the source 
to the receiver. When these waves fall 
on a material body, they are trans 
mitted with a reduced velocity and l 
partly absorbed in it producing a rise 
of temperature of the body. It is to be 
noted that at the source the energy 
manifests itself as boat and on reaching 
the receiver it becomes evident again is 
heat but when it passes through va¬ 
cuum’ it exists not as heat but as energy 
of wave motion in ether. T ie a c- 
regarding the propagation of boat 
energy is that the radiation consists 

of transverse waves of ® ,0 ° t ”° 
magnetic intensities moving througl 

space. 

The radiation from the sun on rea¬ 
ching us excites the sensations of heat 
and light, both of which are therefore 
Bupposed to be electro-magnetic waves 
It has been found that gamma rays. 

X-rays, visible li<hfc. thermal radiation 
and wireless waves are all due to the 
same physical agency, being trausverso Fig. 77 

electromagnetic wayos (vide ^ u in tho (roquanc0 y of the 

the wave length. Thus waves whose 
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lengths are between 7800 x 10' 8 cm. (red) and 3900 x 10" 8 cm. (violet) 
produce of sensation of vision. Radiation caused by these waves is 
shown as luminious radiation. Again when the wave-length is 
greater than 7800 x 10* s cm. the radiation does not affect the sensation 
of vision hut produces only the sensation of heat : such radiation is 
termed infra-red or thermal radiation. Beyond thermal radiation, 
there is the region of Hertzian waves and the radio waves. At the 
extreme end there are slow oscilliation of alternators. The radiation can 
also produce chemical reactions, the effect being most marked when 
the visible length is less then 3900 x 10' 8 cm. beyond the violet end of 
the visible light ; such radiation is termed ultra-violet radiation. 
Beyond ultra-violet, wo get X-rays and radiation of still shorter wave¬ 
lengths constituting gamma rays. In recent days analysis of cosmic 
rays reveals that a part of this radiation consists of waves of very 
short wave lengths, called hard gamma rays. A complete radiation 
spectrum is given in Fig. 77. 

Radiation from a hot body is not visible, as it emits thermal radia¬ 
tion only and no luminous radiation. But if the temperature of the 
body is gradually increased so as to make it red hot, it becomes visible 
as the body then emits red light along with thermal radiation, With a 
gradual rise of temperature, the other colours appear in an increasing 
proportion, the thermal radiation being always present. Ultimately 
when the hod}' becomes white hot, it emits all kinds of radiations— 
thermal, luminous and ultra-violet. 


107. Instruments to Detect and Measure Thermal Radiation— 

1) Ether Thermoscope. —It consists of two glass tubes (Fig. 78) con¬ 
nected by a bent glass tube and is held vertically in a suitable stand. 
The instrument contains only some quantity of coloured ether and ether 
vapour, the whole of air having been expellod before the instrument is 
sealed. One of the bulbs is coated with black paint. When thermal 
radiation fulls on this bull), it is absorbed ; so the temperature of the 
bulb and consequently that of the contained vapour rises. The pressure 
of vapour on the ether within this bulb therefore increases and so the 
level of the ether in the other branch risos. 


(•2) DijTcrential Air Thermometer.— This was first used by Leslie. 
It consists oi two equal glass bulb? containing air and connected by a 
I glass tube bent twice at right angles. The tube contains some 

'I non vol.itible liquid (coloured) such as sulphuric acid. The 

I quantity of air in the bulbs is so adjusted that when the 

two hulbs are at the same temperature, the liquid stands 
j/~x ft '- tin sui jO level in both tho limbs. If one bulb is raised 

l Y to a big’: ( r temperature than the othor, tho air in it expands 

■ J an i so tho level of the liquid in this stem is depressed 

| J "’hile that in the other rises. The instrument thus indicates 

q 1 s' 11 o 11 difierouco of temperatures. In addition to those, 

there are a few electrical instrument e. g., thermopile, bolo- 
'•**' meter, radio-micrometer etc. (vide Voltaic Electriciy). 

Fie. 78 108. Thermal Radiation and Light Compared.— 

The similarity between thermal radiation and light is established from 
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the fact that they obey identical laws and have many properties in 
common. The main points of similarity are :— 

(I) Transmission through Vacuum.— Thermal radiation like 
light can travel through vacuum. The heat as well as the light from 
the sun come to us through empty space. A thermometer with a 
blackened bulb is placed within an evacuated jar. If the whole of it is 
now placed in the sun or before a fire, the thermometer shows a rise 

of temperature. . . . 

(ii) Rectilinear Propagation. — Thermal radiation travels very 

approximately in straight lines ; so we may use the term heat rays in 
a similar sense as light rays. The heat coming from a flame can be cut 
off by a screen in much the same way as to stop the light coming from 
it. It will be seen subsequently that both heat and light waves have 
got the property of bending their paths by the edges of opaque bodies. 
This bending is more pronounced in the case of heat waves. 

(iii) Uniform Emission.—In a homogeneous medium thermal 
radiation like light, is emitted uniformly in all directions. An incan- 
decent metal sphere is placed in a dark room ; if a delicate thermo¬ 
meter with a blackened bulb is placed on any side at the same distance 
from the sphere, it gives the same reading. The sphere also appears 

equally bright from all sides. 

(iv) Velocity of Propagation. — Thermal radiation and light 
travel through space with a constant velocity (186,000 miles per sec.) 
During a total solar eclipse of the sun, the stoppage of light is 
simultaneously accompanied by a fall of temperature. 

(v) Inverse Square Law. — Thermal radiation, like light, follows 
the law of inverse squares ; hence the intensity of the radiation at a 
noint varies inversely as the square or the distance of the point from 
the BoCrcQ 8 Take a large flat-sided tin vessel S (Fig. 79) with one 
face coated with lampblaok and fill it with boiling water. Place a ther¬ 
mopile fitted with the 
cone collector at T is 
front of the surface ; 
observe the deflection 
of the galvanometer, 

Now remove the ther- 
mopilo to T, twice the 
former distance ; the 
doflection of the gal- 
vanomefcer remains un- 
ohanged. 

The area of the 
blackened surfaoe from 
which radiation now 
falls on the thermopile is found to have increased four times ; but as 
the deflection remains the same, the amount of radiation received on 
the pile must have to remain the same. Hence the intensity of radia¬ 
tion on the thermopile has been reduced to one fourth , in other words, 
the intensity of radiation varies inversely as the square of the distance. 

H—30 



Fig. 79—Proof of the Law of Inverse Squares 
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(vi) Reflection.— Thermal radiation like light , is reflected from 
■polished surface , obeying the laws of reflection. 

(a) Reflection at a plane surface.—k polished tin plate is supported 
vertically. Two tubes with their axes in the same horizontal plane 
are placed in front of the plate. A heated ball is placed near the end 
of one of the tubes and a thermopile is placed near that of the other, 
direct radiation from the ball to the thermopile being prevented by 
suitable screens. By rotating the tube the position for maximum 
effect of the the thermopile is obtained. It will be found that the tubes 
are equally inclined on opposite sides of the normal to the reflector. 
If one of the tubes is slightly displaced, the effect at once grows less. 

(b) Reflection at a spherical surface.— Two large concave metallic 
mirrors are placed co-axially facing each other, at some distance 
apart. If a luminous source is placed at the focus of one, an image 
is produced at the focus of the other. Again, if a red hot ball is 
placed at the focus of the former, a piece of phosphorus being placed at 
that of the latter, takes fire. 

(vii) Refraction. — Thermal radiation like light , is refracted obey¬ 
ing the law of refraction. If solar rays be passed through a convex 
lens, preferably of rock salt, the light rays converge to the principal 
focus of the lenB ; with any detecting apparatus it oan be shown that 
the beat rays are also concentrated almost at the same point. If the 
solar rays previously passed through a glass vessel containing a solution 
of iodine in carbon bisulphide, luminous radiation is cutoff, but 
not the thermal radiation. 

A burning glass is a convex lens of short focus used to converge 
the heat rays from a source to a focus. A large burning glass devised 
by Tobrinhausen was used to burn up diamonds for the first time. 

(viii) Continuity of Spectrum.—Forming spectrum of the 
solar light with a rock-salt prism, the beating effect along the entire 
spectrum can be demonstrated with a thermopile. The heating effect 
is found to increase towards the red part of the spectrum and becomes 
maximum in the infra-red region at a little distance beyond the visible 
red. The presenco of the dark lines in this region has alse been 
demonstrated. 

(ix) Polarisation.— Thermal radiation , like light, can be pola¬ 
rised ; that is, the vibrations are brought to a particular plane after 
being transmitted through certain substances e.g. tourmaline plate. 

(x) Production of Light by Heating.—If electric current is 
passed through a piece of platinum wire, it first sends out thermal 
radiation and finally at about 1600*0. it gives out white light. Thus, 
at a rather low temperature the body gives out the long heat rays and 
at a sufficiently higher temperature it emits light rays along with the 
heat rays. 

We thus find that the nature of the thermal radiation as well as of 
luminous radiation iB the same ; the difference lies only in the wave 
length. Radiant heat is then invisible light . 
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109. Absorption, Transmission and Reflection of Radiation.— 
When thermal rediation falls on a body, it is generally split up into 
throe parts, (l) A portion is reflected at the eurface, obeying the 
laws of reflection. (2) A portion is irregularly reflected or diffused 
at the surface so as to be scattered in various direction, (3) A 
protion is refracted into the body. Of this protion, a part may bo 
transmitted through the body and the remainder may be absorbed 
within the material. The portion absorbed raises the tempera¬ 
ture of the body. Different bodies possess different powers of redec- 
tion, transmission or absorption. 


Selective Absorption.—The power of absorption of a substance 
depends greatly on the nature of the incident radiation and also on the 
temperature of the source emitting the radiation. Thus, glass is 
transparent to light and also to thermal radiation coming from a source 
of high temporature. but is parctically opaque to thermal radiation 
from°a source at a low temperature (below red heat). The light and 
heat from the sun can pass through moist atmosphere to a great extent. 
The surface of the earth absorbs the heat, gets thereby heated and 
sends out thermal radiation in its turn ; but this radiation is greatly 
obstructed by the moist air. Again rock-salt is very transparent to 
thermal radiation while quart/, behaves similarly towards actinic 
rediation only. A solution of iodine in carbon bisulphide is opaque 
to luminous radiation but readily transmits thermal radiation 

110 Emission of Radiation.—The heat energy radiated by a 
body is* transformed into wave-motion. As the transformation takes 
place at the surface, the emissive or radiating power of a body is likely 
to depend on the nature of the surface. It is found that the emissive 
power of different surfaces, although at the same temperature, is 

Emissive Powers of different Surfaces.—Take a Leslie's cube 
on a suitablo stand. It consists of a thin metal cube (Fig. 80) with a 
bole in the upper lid 
through which a thermo¬ 
meter can be inserted. The 
faces of cube are different. 

Thus, one of the faces may 
be coated with lamp black, 
another painted white, a 
third roughened and the 
fourth highly polished. Fill 
the cube with boiling 
water and keep each of the 
faces turned for the same 
time towards a thermopile 
is series with a galvano¬ 
meter and placed at a fixed 

distant apart. Note the deflection of the galvanometer each time*; 
evidently the deflection is proportional to the emissive power of the 
particular surface. 




Fig. 80 
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It is found that for the polished surface the deflection is very small; 
it becomes greater for the rough surface, increases further for the 
coated surface and maximum for the lamp black surface. At a temper¬ 
ature of 100‘C. the radiating power of white lead is the same as that 
of lamp-black but at higher temperatures lamp black surface is the 
best radiator. Hot liquids kept in a blackened vessel cool more rapidly 
than in a polished one. The emissive power of a lamp-black surface 
is, therefore, usually taken as the standard with which that of any 
other surface is compared. The radiating powers of different subs¬ 
tances are different, even when coated with the same polish. 

The emissive (or radiation) power or the coefficient of emission 
of a surface of the ratio of the amount of radiation emitted in a given 
time by the surface to the amount emitted in the same time by an equal 
area of a 'perfectly black surface at the same temperature relative to that 
of the surrounding. 

Let the radiation from a surface in a certain time = e 

radiation from an equal area of a lamp-black 

surface in the same time™ E 

Then the Coefficient of Emission, =<“e/E. 

111. Absorption of Radiation.—Absorption of radiation on the 
surface of a body varies with the nature of the surface. 

Absorbing Powers of Different 
Surfaces. — Take a suitable source L 
(Fig. 81), say a Leslie’s cube filled with - 
boiling water. Take a thermopile T in 
series with a galvanometer and a perfo¬ 
rated screen S, so that the aperture is 
on the same line as the source and the 
thermopile. Place a thin disc C of copper, 
with the face towards the pile coated with lamp-black and the other 
coated with the experimental substance. Different surfaces absorb 
different amounts, as is shown by the difference in the deflection of the 
galvanometer. 

The absorbing power or the co-efficient of absorption of a 

surface is the ratio of the amount of radiation absorbed in a given time 
by the surface to the total amount incident on the surface in the same 
time. It is found that the absorbing and emissive power of a surface 
are proportional to tacb other. 

Relation between the Emissive and Absorbing powers of a 
Surface.—This is demonstrated by Ritche’s experiment. The appa¬ 
ratus devised by Ritche consists of two equal cylindrical metal vessels 
13 and G (Eig. 82) tilled with air and connected by a glass tube which 
is bent twice at right angles and contains some coloured liquid. A 
large cylindrical vessel A, is supported between B and 0. The face of 
A towards B is coated with lamp-black while the other face is polished. 
The faces of B and C which are turned towards A are respectively 
polished and coated with lamp-black. 



Fig. 81 
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A is filled with boiling water. The level of liquid in the stem on 
the two sides is found to remain the same, which shows that B and C 
are at the same temperature i.e., the amounts of energy received by 
them are equal. Here the polished face B absorbs a fraction of the 
amount emitted by the black face of A, 
while the black face of C absorbs wholly 
the fraction radiated by the polished 
face of A. As the liquid column does 
not move, the amounts of heat energy 
received by B and G are equal, i e., the 
emissive power is equal to the absorbing 
power. 

Hence good radiators are good absor¬ 
bers are poor radiators are poor absor¬ 
bers. Thus lampblack surface absorbs 

the greatest portion of the incident p g 2 

radiation and emits more than auy ' 

other surface. Further the absorbing power depends on the tempera¬ 
ture of the surface and also on the wave-length of the incident radiation. 
A body which absorbs the whole of the incident radiation is termed a 
perfectly black body. The radiation emitted by such a body at any 
temperature is called the full radiation for ^e temperature^ A 
lamp-black surface is the nearest approach to a perfectly black body. 

To Compare the Relative Heat Transparency of different 
materials —The radiation from suitable source is allowed to fall 
directly on a thermopile and the deflection of the galvanometer in 
series is noted. A plate of a material is now interposed and the deflec¬ 
tion is noted again. The ratio of the latter deflection to the former 
• t u 0 ra tio of the portion transmitted by the plate to the total 
Sion indent on it. By takicg platos of different meter,aU but 
all of the same thickness, the percentage transmitted by each is obtained 
end can be compered. In case of liquids, narrow cells of the glass 

containing the liquid may be similarly used. 

The percentage transmitted is found to vary widely for d,fferont 
materials*-—solids, liquids and gases. Thus for a plate 0 25 cm. in 
thickness rocksalt transmits 93 per cent of the incident radiation, 
elass about 28 per cent while a solution of alum allows only about 
I ner cent. The transparency of rocksalt is the greatest and lemains 
the samo for radiation from a source at different temperatures. Lor 
other substances the transparency increases with the temperature of 


the source. 

The transmitting power of a plate is the ratio of the amount of 
radiation transmitted to the amount directly incident on it. lbe trac¬ 
tion of the incident radiation transmitted by a plate 1 cm. thick, is 
called the coefficient of transmission of the material. 

112. Reflection of Radiation.—The portion of the incident 

radiation which is reflected by a surface depends on the nature of the 

surface and also on the angle of incidence. 
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The reflecting power of a surface is measured by the ratio of the 
amount of radiation regularly reflected by the surface to the amount of 
radiation directly incident on it. 


To compare 
Take a suitable 




the Reflecting Powers of different Surfaces.— 

source H (Pig. 83). Allow the radiation to pass 

through an aperture in 
the screen S and to fall 
direotly on a thermopile 
T connected with a gal¬ 
vanometer and placed 
at a suitable distance 
apart ; note the deflec¬ 
tion of the galvanometer. 
Allow the radiation now 
to fall on the experimen¬ 
tal plate P ; shift the 
thermopile to T' at the 
same distance from P 
as at T, to receive the 
reflected radiation, direct radiation to T being prevented by the screen 
S' ; note the deflection again. The ratio of this deflection to the 
former gives the reflecting power of the plate for the particular angle of 
incidence. It is found that a lampblack surface is the poorest reflector 
while polished metals are the best reflectors. It is evident that good 
absorbers are poor reflectors. 

*113. Radiometer.—This small apparatus was first designed by Sir 
William Crookes. It consists of a glass bulb B evacuated to have a low 
gas pressure inside (about 1 mm of mercury). Four thin 
aluminium or platinum vanes V are mounted on a light v 
frame work and are capable of revolving with least possible 
friction. One surface of each vane iB blackened while 
the other is polished, and all the black surfaces are turned 
in the same way. If the radiometer is exposed to heat 
on one side, such as burning of a match stick within a 
foot from it, the vanes continue revolving as if the dark 
aides of the vanes are pushed by heat. 

The principle of action of the instrument is explained 
by considering the molecular motions within the bulb. 

When the pressure of gas inside is low, much lesser num¬ 
ber of molecules are there within the bulb and the 
molecules get a better freedom of motion. When heat 
radiations fall on the vanes, the black surfaces absorb and 
radiate heat much more than the polished surfaces. Con¬ 
sequently the blaok surfaces are more heated and gas 
molecules which collide with a black surface have their kinetic energy 
much raised and they rebound from this surface with a higher velo¬ 
city than the polished surface. Bach rebound of a molecule gives a 
tiny tap on the vane. These taps take place on both sides of a vane but 
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the taps on the black side are more vigorous than the other side. The 
number of these taps per second on a vane is equivalent to the force 
contributed by the molecules. Since this force is greater on the black 
side, all these forces together constitute a couple which rotates the 
frame. If however the evacuation ha proceeded to the extreme point 
so that molecular action is negligible, it may be that the vanes in 
presence of heat or light radiation might rotate in the opposite direc¬ 
tion. This is due to the pressure of heat or light radiation acting 
more on the polished side than the dark side. This radiation pressure 
is extremely feeble and is outweighed by the radiometric action at low 
pressure. 

114. Practical observations on Thermal Radiation.—We can 
now make a common observation that good radiators are good absor¬ 
bers while good transmitters or good reflectors are poor absorbers and 
poor radiators. Polished metals are the best reflectors and are so used 
in electric radiators. Firemen's helmets are highly polished. Also 
any vossel meant to keep liquid hot for a long time is highly polished 
on the outside ; the outsido of a calorimeter is polished and the steam 
pipes of a locomotive are kept brightly polished. On the other hand 
hot water pipes for heating a room may be blackened on the outside to 
get greater radiation of boat from them. Hot liquids cool down sooner 
in a black stone vessel than in a metal cup with polished surface. Well- 
polished shoes and hats are cooler than dull oues. 

Again black bodies absorb more than white onos. Cooking vessels 
should preferably be black and rough on the outside. A liquid is 
heated rapidly in common unglazod earthen vessels. A thermometer 
with a blackened bulb, when kept in tho sun, gives a higher reading 
than an ordinary one. White linen is more suitable in summer ns it 
absorbs very little of the sun's ray ; while black clothing is preferred 
in winter for it absorbs almost tho whole of the incident radiation and 
thus becomes warm. A white-painted building is warmer in winter 
and cooler in summer than one painted dark. 

The selective absorption by glass of radiation from source at a 
temperaturo below the red heat is utilised in a green-house. Tho 
thermal radiation from the sun passes through the glass covering of 
the green-house. The ground and tho plants inside absorb tho radia¬ 
tion, get heated and send out thermal radiation. But glass being 
opaque to this radiation from a sourco at low temperature, tho heat 
remains confined and keeps the inside warm. Tho action of tho glass 
fire-screen depends on the same principal. The portion of tho thermal 
radiation possessing the greatest heating effect is absorbed while only 
a part of the thermal radiation is transmitted along with tho luminous 
radiation. 

Since moist air greatly absorbs thermal radiation it prevonts the 
earth from becoming too much heated. Again as the radiation es¬ 
caping from the heated surfaco of tho earth into space at night comes 
from a source of comparatively low temporature, it is absorbed by the 
moist air. Thus too much heating during tho day and the cooling by 
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radiation at night are both diminished. Again in summer, the envelope 
over plants and valleys maintains them comparatively warm during 
night but deserts and mountain-tops over which there is little moisture 
cool down rapidly. 

It feels rather warm on a cloudy night because the heat radiated 
by the earth is obstructed and sent back by the clouds. Dew is more 
copius on a clear night, as radiation takes place freely and the surface 
of the earth cools rapidly. As gases are poor radiator of heat, the hot 
gases in a furnace are made to play on the fire-bricks which are thus 
heated and radiate heat in their turn. 

Earth absorbs the heat of the sun during day and radiates the heat 
at night. During hot seasons the day is longer than night, and so 

more heat is absorbed than emitted. This causes an 
accumulation of heat on the earth from day to day and 
so the weather feels hotter. During the cold seasons the 
night is longer than the day so the earth radiates during 
night not only all the boat it has absorbed during the 
day but also a portion of the internal heat. The earth 
is, therefore, cooled down from day to day, causing the 
weather to feel colder. 

Thermos flask.—That is used for keeping hot 
drinks hot and cold drinks cold for a long time. It 
consists of a double walled glass vessel (Fig. 85) the 
space between the walls is exhausted of air through a 
fine tube at the bottom of the outer wall, which is 6nally 
sealed off. The outer surface of the inner wall and the 
inner surfaco of the outer wall are silvered. The vessel 
is placed on a spring within a metallic or wooden case, 
its mouth being closed by a cork stopper, tbe space between the flask 
and the outer cover is sometimes picked with felt Hence the vacuum 
prevents the passage of heat by conduction as well as by convection, 
while the silvering minimises radiation to a very great extent. Any 
transference of the heat by conduction through the wall of the vessel is 
minimised by the non-conducting packing. Thus in thermos flask 
passage of heat to and from the interior by conduction, convection 
as well as by radiation is prevented. It is sometimes called a vacuum 
flask. A Dewar flask first designed to store liquefied gases is of 
similar construction. 

115. Loss of Heat by Radiation :—It is experimentally found 
that the rate at which a body loses heat by radiation depends on 
(i) the temperature of the body ; (ii) tbe nature and extent of its 
surfaco, and (iii) the temperature of the surrounding space into which 
radiation takes place. 

Newton’s Law of Cooling.—Newton first investigated the loss or 
gain of beat by a body placed in given surrounding and enunciated the 
following law. The rate of loss of heat from a body is propor¬ 
tional to the difference between the temperatures of the body and its 
surroundings. This law refers to bodies cooling in air ; it is appli- 
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cable only for small difference of temperatures and does not hold good 
when temperature difference is large (exceeding about 10°C.) For 
further details vide J. Chatterjee’s Intermediate Practical Physics. All 
India Edition. 

The determination of specific heat of liquid by the method of cool¬ 
ing, based on Newton’s law, has been already described in Calorimetry. 
The laws of cooling have been stated by Dulong and Petit and then by 
Stefan and Boltzmann. Finally Plank established the law from a diffe¬ 
rent stand-point. According to Stefan-Boltzmann Law, the rate at 
which the energy is radiated by a hot black bod} is proportional to 
the fourth power of its absolute temperature : — 

E-RT 4 ... ... ... (115,1) 

where E — energy emitted per sq. cm. per sec. by a full radiator and 
R ■= a constant (5'72*10" s ergs per sec. per sq cm. per degree 
absolute 4 ) and T the absolute temperature. A full radiator absorbs all the 
the radiant energy falling on it ; a lamp black surface approaches this 
condition. The total energy radiated is equal to the continued product 
of E and surface area and time. 

According to Wien’s Law, the product of the absolute temperature 
of a body and the wave length at which highest enoigy is radiated in 
a given time is constant. Thus 

T*max " B ... ... ... (115,2) 

when = the wave length at which maximum energy is radiated and 
B =■ a constant (O'2890 cm. deg. absolute). Thus as the temperature 
of the body rises, wave length at which maximum energy is radiated 
decreases. Thus as a body is more and more heated till it glows, the 
first glow appears as red and on further increasing the temperature, 
the colour extends towards the yellow and green parts, until it becomes 
white hot 

116. Prevost’s Theory of Exchanges.— If a red hot metallio 
ball is placed in front of a thermopile, it indicates that the hot hall is 
sending out thermal radiation. If the hot ball is now replaced by a 
lump of ice, it now shows that ice is also sending out some radiation. 
Again if a hot body is suspended in an evacuated chamber the walls 
of which are impervious to heat, so there i6 no loss of boat by 
conduction or convection, the body will gradually cool by radiating 
heat to the enclosure. After some time the temperature of the body 
and that of the enclosure become the same and there is then no further 
change of temperature. It cannot bo supposed, however, that tho body 
suddenly loses its power of radiation ; for if tho temperature of tho 
enclosure is now lowered, that of the hot body will at once begin to 
fall again, showing that radiation has been taking place all the time. 
Hence it must be concluded that every body sends out radiant energy at 
all time and at all temperatures, the amount of which depends only one 
its own temperature, and nature of its own surface but is not effected 
by the presence of surrounding bodies. Thus a rod hot ball radiates the 
same amount of heat whether it is placed near a very hot or a very 
oold body. 
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Hence we may conclude that there is always a mutual exchange of 
radiation between any body and the surrounding objects and the rise 
or fall of temperature observed in a body depends upon the difference 
between the amount of radiation emitted by the body and absorbed by 
it from surrounding objects. This is known as Prevost s Theory of 
Exchanges, as it was tirst formulated by Prevost of Geneva in 1792. 
Thus when we stand before a fire we feel warm, becase our body is 
receiving per unit of time more heat energy from the tire than it is 
losing by its own radiation. Again when we stand before a block 
of ice we feel cold ; for our body loses more heat by radiation than it 
receives from the ice which is at lower temperature. When a body 
absorbs more radiant energy than it itself emits, the body rises in 
temperature and when loss, the body cools. When the quantity 
attached is equal to the quantity emitted the temperature of the body 
remains constant. A body will cease to emit any radiation only when 
it is at the temperature of absolute zero. It follows from this theory 
that the absorbing power of a surface is equal to its emissive power. 

HUMPHRY DAVY (1778—1829) 

Davy was born at Penzance, Cornwall on December, 17, 17 78. 

Ate arly age, ho did 
not show much promi¬ 
nence. At bis age of 
sixteen, his father died 
and be became an appren- 
, j tice to an apothecary's 
j shop with an intention of 
. becoming a medical prac¬ 
titioner. At a little cor- 
ner of this shop he sot 
up his first laboratory 
with most ordinary che¬ 
micals and apparatus. 
He secured an old air 
pump and began experi¬ 
menting with pneumatic 
chemistry. 

At tiie age of twenty 
he was employed as a 
research assistant under 
Dr. Thomas Beddoes. 
Here in the laboratory 
bo experimented with 
nitrous oxide and wrote 
a paper on the usefulness 
of this gas in producing 
local insensibility. After- 
Fig. 8G—Sir Humphry Davy wards his attention was 

turned towards electrical apparatus such as Voltaic pile, Leyden jar and 
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electrical batteries. It was during such investigations that Michael 
Faraday was introduced with him and was employed as his assistant. 
With his worthy student, they carried out an elaborate work on “elec¬ 
trolysis” which resulted in the discovery of alkaline elements such as 
potassium, sodium, magnesium etc. Lie was knighted in 1812. During 
those days there were frequent explosions in coal mines due to sudden 
ignition of combustible gases, Davy devised a kind of lamp which could 
be used safely in mines without any chance of explosion. He died at 
Geneva, on May, 29, 1829. 


Summary 

Modes of Transmission of heat are (i) Conduction, (# 7 ) Convection {id) 
Radiation . 

Conduction is the process in which heat is transmitted, from layer to layer of 
a material medium, without any transference of the particles involved. 

Convection is the process in which heat is transmitted from one point to ano¬ 
ther in a medium by the actual movement of material particles. 

Hadiation is the process in which it can pass from one point to another with¬ 
out the intervention of any material medium. Meat from the sun comes by radia¬ 
tion. 

Thermal Conductivity of a materia! is the quantity of heat that Hows in one 
second through unit area of a plate of that material of unit thickness, the difference 
of temperatures between the faces being unity and the flow of heat being normal to the 
faces. ' 

Nature of Radiation.—The vibration of the molecules of a body set up 
transverse electro-magnetic waves in space. These waves according to the difference 
in frequency constitute different kinds of radiation. 

Thermal radiations possess properties similar to luminous radiations, from 
which it may be said that radiant heat is but invisible tight. 

The absorbing power as well as the emissive power of different surfaces are 
different, those of the same surface being equal to each other. 

The loss of heal by radiation has been expressed by (i) Newton's Law of 
cooling, (#7) Dulong and Petits Law and (Hi) Stefan’s Law. 


Exercises on Chapter VII[ 

1. Mention the ways in which a body loses heal. Give a brief 
explanation of each way with examples. Which will give you better 
protection against cold, one thick shirt or two of half flic thickness, 
the material being the same. Explain your answer. (C. V.—1943) 

2. What arc the different modes of transference of heat ? 
Carefully distinguish Indween them, giving examples. 

(And. U.—1951 ; C. U.—1011, 7*0; Dae.—1033, ’38; Pat. U.—1054; 

Del. H. S.—1051 ; Cf. Gan. U—1953) 

3. Distinguish between conduction and convection ol heat. Illustrate 
their difference by examples. 

(C. U.—1030; Dae. U.—1013; Utkal L\—1018) 


Reference 
Art. 98 


Arts. 
98 & 94 


Art. 94 
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Reference. 
Art. 95 

Art. 96 

Art. 97 
Art. 96 


Art. 96 


Art. 96 


Art. 96 


Art. 90 


Art. 96 


Art. 96 


Art. 90 
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4. Describe an experiment to compare the thermal conductivities 
of two metals in the form of rods. (And. U.—1950 ; Anna. U.—1950; 

Mys. U.—1951; Cf. Mad. U.—1951) 

5. Define thermal conductivity. (R. P. B.—1944, ’46 ; 

E. P. U.—1951 ; C. U.—1932; Pat. U.—1926, ’36 ; All. U.—1926, ’30 ; 

Nag. U.—1952; Raj. U.—1953; Mad. U.—1950, ’51) 

6. Describe Searle’s method of finding the thermal conductivity. 

of inctuls. (Nag. U.—1952 ; Cf. B. H. U.—1951) 

7. The co-efficient of conductivity of copper is 0*96. How many 

beat units Mill pass per minute across a plate of copper, one metre 
long, one metre broad and one centimetre thick, when its opposite faces 
arc kept at temperatures differing by 10°C. (C. U.—1939) 

A. 576 X 10* calories. 

8. Define thermal conductivity. Explain the statement that the 
thermal conductivity of glass is -002 C. G. S. unit. 

(P. U.—1951 ; U. P. B.—1950) 

8u. The inside of a glass window 0-3 cm. thick is at a temperature 
of 30° C and the outside at 40°C. Estimate the rate at wlich heat 
is entering the room through the window, if its area is 2 sq. metres. 

(U. P. B.—1944) 

A. 1333*3 cals/sec. 

9. Taking the conductivity of iron to be *017 C. G. S. unit, 

what difference of temperatures should exist between the surface of 
an iron wall 3 cm. thick, through every square metre of which heat is 
streaming from a furnace to the boiling Mater at the rate of 30,000 
units per minute. (B* P« ®* 1944) 

A. S*8°C. 

10. Water is kept boiling in an iron boiler at atmospheric pressure. 

The boiler is 2 cm. thick and the heated surface is 3 square metres in 
area. If temperature of the fire be 330°C. and the thermal conduc¬ 
tivity of iron be *2, and the latent heat of steam 536, find the mass of 
water evaporated in half an hour. (Dac. U.—1934) 

A. 2317*16 kgm. 

11. The opposite faces of a cubical block of iron of cross-section 
4 sq. cm. are kept in contact with steam and melting ice. Determine 
the quantity of ice melted at the end of 10 minutes, the conductivity 
of iron being 0*2 (Latent heat of ice = 80 calories). 

(Pat. U.—1935 ; E. P. U.—1951) 

A. 300 gm. 

12. Heat is conducted through a slab of two layers of different 
materials of thermal conductivities of 0*2 and 0*3 respectively. The 
thickness of each layer is 1 cm. If the temperatures of two outer sur¬ 
faces arc 100'C. and 0‘C., find the temperature of the interface. 

(Nag. U.—1952) 

A. 40 C C. 

12a. One c-nd of a metal rod 40 cm. long and 1*6 cm. diameter, is 
pluml in boiling Mater (100°C.) and the other end in ice. If the thermal 
conductivity of the metal is 0*9 C. G. S. unit, calculate the mass of icc 
which melts per minute. (Latent heat of water = 80 cal. per gm.). 

(Mys. U.—1951) 

A. 3*39 gm. 

13. Find how much steam per minute is generated in a boiler 
made of boiler plate 0*5 cm. thick, if the urea of the walls of the fire 
chamber is 2 sq. metres, the mean temperatures of the plate faces 
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200°C. and 120 C C. respectively, the latent heat of steam 5-22, ami the 
conductivity of steel plate 0-164. 

A. 60-321 kgm. 

13a. A large copper disc one cm. thick has one face maintained at 
100°C. The other face is maintained at 10°C. by running water. Cal¬ 
culate the heat conducted to the cooling water per sec. per sq.. cm. of 
disc. (Thermal conductivity of copper = 0-91 C. G. S. unit). 

(Anna. U.—1930) 


A. 819 cal. 

14. The glass window of a room have a total area of S sq. metres 
and the glass is 5 mm. thick. Calculate the rate of flow of heat through 
glass when the inside temperature is 20°C and the outside temperature 

j s _ jo°C (U. P. B.—1930) 

A. 9600 cals/scc. 

13. A metal vessel 1 sq. metre in area and whose sides are 0-5 
cm. thick is filled with melting ice and is kept surrounded by water at 
100°C. How much ice will melt in an hour ? (Thermal conductivity 
of metal is 0 02 C. G. S. centigrade unit; Latent heat of ice is 80 
calories/gm.) (Utkal. V.-1948) 

A. 1800 kgm. 

16. Two metal bars A and B, of the same size but of different 

materials are coated with equal thickness of wax and placed each with 
one end in a hot bath. It is noted that the wax on A melts to a 
greater rate than that on B, but when a steady state has been reached 
a greater length of wax has been melted on B than on A. Explain 
this. (C. U. 1941) 

17. Water is being lioilcd in an iron vessel over an oven. Find 
the rate in gm./scc. ut which water is evaporating, assuming that no 
heat is lost otherwise. The area and thickness of the bottom in con¬ 
tact with the oven arc 230 sq. cm. and 5 mm. respectively. Latent 
heat of vaporation of water = 530 cal./gm., temperature of the oven 

400°C.. conductivity of iron = -2 e.g.s. units, boiling point of water 
__ 100 o C (Pat. U.—1952) 

A. 50 gm./scc. nearly. .... 

18. The effective heating surface of a boiler is 2 sq. metres and 

the temperatures of the two sides of the steel boiler plates 8 mm. thick 
are 120°C and 108°C respectively. Find the mass of water evaporated 
per minute after boiling has commenced. (Latent heat of steam 
525 cals/gm.; conductivity of steel 0-14). (Mad. U.—1950) 

A. 10-8 kgm. , , 

10. Explain thermal conductivity and describe a method of 

determining it for a metal. 

A spherical glass of 14 cm. radius is filled with water at 100 C. 
and immersed in melting ice. At what rate must heat be generated 
inside the globe, if the temperature of water in it is to be maintained 
constant? (Thickness, of glass = 1 mm.; its conductivity = 0-0025) 

(It. P. B.—1951) 


A. 0154*4 cals/sec. 

20. One end of a metal bar is heated. Indicate clearly the 
factors on which the rate of rice of temperature at any point on it 
depends. 

(p at . U.—1025 ; Utkal. U,—1951 ; It. P. B.—1042, ’49 Raj. U.—1053) 

21. Explain the working of Davy’s 6ofcty lamp. (C. U.—1928) 


Reference 


Art. 96 


Art. 96 


Art. 96 


Art. 98 


Art. 96 


Art. 96 


Arts. 
90 * 97 


Art, 98 


Art. 101 
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Reference 
Art. 105 


Art. 109 
Art. 110 
Ats. 

110 A-114 

Art. 110 


Art. Ill 

Art. 109 

Art. Ill 
Art. Ill 

Art. Ill 

Art. 113 
Art. 114 

Art, 115 

Art. 116 

Arts. 

115 & 116 


22. Explain giving diagrams how a building is heated by hot 

water pipes. (P. F.—1931) 

23. Explain how you would prove experimentally that heat rays 
like light rays obey laws of reflection and refraction 

(Pat. Uj—1951 ; Cf. P. U.—1952) 

24. Can opaque substance transmit radiant heat and transparent 

ones absorb it ? Give examples. (P. l\.—1932) 

25. Describe and indicate the use of a Leslie’s cube. 

(C. F.—1948) 

26. Define emissive power and absorption co-efficient. How can 

you prove that the emissive power of a surface is proportional to its 
absorption co-efficient. (R. P. B.—1945) 

27. A room heater is made up of 10 polished thin walled tulies 

t»f copper, each one metre long and 5 cm. in diameter. If hot water 
at ?0 C C. circulates constantly through the tubes, calculate the amount 
of heat in calorics radiated in an hour in a room where average tem¬ 
perature is 15°C. (Emissivity of Copper = 4 X 10" 8 cal./second per 
degree per sq. cm.) (R. P. B.—1948) 

A. 12434*4 cals. 

28. Give an account of experiments to show that good absorbers 

of heat are good radiators. (C. U.—1925; All. U.—1927) 

28a. How will you show that absorbing power of different subs¬ 
tances is difference ? What relation does the absorbing power of a sur¬ 
face bear to its emissive power :.t the same temperature ? (Utk. U.—1952) 

29. Describe Ritchie’s apparatus and its working to show that 
emissive power of a surface is equal to its absorptive power. 

(Nag. U.—1951) 

30. What do you understand by the absorbing and emissive 

powers of a surface ? (R. P. B.—1952) 

31. Describe an experiment to compare cither the emissive powers 

or the absorptive powers of two surfaces. (Nag. D.—1951) 

32. You are given two ordinary clear glass thermometers and the 

bulb of one of them is coated with lamp-black. Compare their read¬ 
ings when exposed (l) on a damp cloudy night (2) on a clear dry 
night in a cold weather. (3) in the sun. (P. IT.—1932) 

33. Write a note on Radiometer. (R. P. B.—1952) 

34. Describe the principle and construction of ‘Dewar vacuum 
flask’ or a "Thermoflask” ? 

(C. F.—1950; P. IT.—1951; Gnu. U.—1953; Del F.—1941 ; 

And. F.—1952) 

35. State Newton’s law of cooling and its limitations. How will 
you find the specific bent of a liquid by the method of coo\ing ? 

(E. P. F.—1953; U. P. B.—1051 ; R. P. B.—1943) 

3(». Give an outline of Prevost’s theory of exchanges. The bulbs 
of two identical thermometers are coated one with lampblack and the 
other with silver. Compare their readings (a) when in u water hath 
in a dark room (b) when in the sun, ( c ) wheu exposed in a clear 
night. _ (Pat. U.—1927) 

37. Write notes on the Newton’s law of cooling. (Raj. U.—1953; 
Cf. R. P. B.— 1950: Dae. F.—1941 ; Del. IT.—1943 ; And. F.—1952) 

38. Explain Prevost’s theory of exchanges. 

(R. P. B.—194S ; E. P. F,—1950, ’-«) 



CHAPTER IX 

MECHANICAL EQUIVALENT OF HEAT 

117. Heat and Work.—In earlier days, fire was produced by 
rapidly spinning the blnnt end of a piece of hard wood in a shallow 
hole made in a block of softer wood. Sparks are produced when a piece 
of hard metal is pressed against the rirn of a revolving grindstone or 
when a flintstone is struck against a piece of iron. Match sticks may 
be ignited by rubbing. When we work tools like saws, files, drills, etc., 
they are found to be considerably heated. Such illustrations show that 
heat is produced by friction. 

Again when the motion of a body is arrested mechanically, the 
kinetic energy possessed by a body is converted into heat energy. Thus 
when a body falls from a height and strikes the ground, it is found to 
rise in temperature. If a piece of iron is struck several times with a 
hammor, is found to be heated. Sparks are produced when the iron 
shoe put to the horse’s hoofs strikes hard against a metalled road. The 
action of a tinder box is a very suitable illustration of production of fire 
by impact. At the time of pumping a cycle, the barrel of the pump 
gets hot mainly duo to the compression of air All these facts go to 
prove that heat is produced by mechanial work Conversely heat energy 
can bo converted into mechanial energy, as is illustrated by steam 
engines and other kind of heat engines. Such examples naturally 
suggest that there is a relation between the work done and the conse¬ 
quent heat produced. 

118. Nature of Heat.—Various theories have been advanced to 
explain the nature of heat. 

Caloric Theory.—According to this theory, which was prevalent 
before the nineteenth century heat was supposed to be an invisible and 
indestructible lluid, called caloric. The fluid was assumed to fill 
material bodies and to flow from a body at a higher temperaturo to one 
at a lower temperature. As caloric could neither be created nor des¬ 
troyed, the total quantity of heat in a system was supposed to remain 
the same. So the caloric lost by one body of the system must bo gained 
by other. The production of heat by friction or compression was 
attributed to the squeezing out of the caloric, like water from a sponze. 
The caloric was at once absorbed by the bodies in operation and pro¬ 
duced a rise of temperature. 

Rumford s Experiments.—Count Rumford, while supervising the 
boring of cannon at Munich in 1798, observed that the tomperature of 
the gun as well as of the cutting tools rose considerably during the 
process. It appeared impossible that the generation of such a largo 
quantity of heat was due to a change in the thermal capacity of so small 
quantity of the substance owing to a mere change in form. Rumford 
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also found experimentally that the specific heat of the metal was the 
same whether taken in a large mass or as chips. He further observed 
at there was no limit to the amount of heat that could be produced 
by friction. He therefore argued that heat, considered as a material 
substance , could not thus be produced without limit and so he suggested 
as an alternative that heat must be a hind of motion. The same con¬ 
clusion was also arrived at by Sir Humphry Davy from independent 
experiments. 

Dynamic Energy Theory.—It has been assumed that heat is due 
to a kind of motion. The question that arises is—motion of what ? 
According to Dynamic Theory , the molecules of a body are in a state of 
rapid vibratory motion. The total quantity of heat possessed by a body 
consists in the total amount of kinetic energy possessed by the mole¬ 
cules in virtue of their agitation. In solids, a part of the energy may 
be potential energy due to the attractive forces between the molecules. 
When a body is heated the rapidity of the movement of the molecules 
increases and so there is a gain in the kinetic energy. When the body 
is cooled, the reverse is the case. Honce heat consists in the kinetic 
energy of agitation of the constituent molecules of a body. 

119. Mechanical Equivalent of Heat.—The generation of heat 
by mechanical work and the production of work by heat indicate an 
intimate relation between heat and work. Careful experiments show 
that thcie is a definite quantitative relation between the amount of 
work done and the amount of heat produced ; in other words, a definite 
amount of work must be performed to produce a definite quantity of 
heat. The relation is expressed in the First Law of Thermodynamics 
which may he stated as follows, after Maxwell,— 

“ When tvork is transformed into heat or heat into work, the quantity 
of work is mechanically equivalent to the quantity of heat." If an 
amount of work W produces a quantity of heat H, 

W 

Then or W-JH ...(119.1) 

where J is a constant, provided that all the work done is utilised in 
generating heat and no part, of it is wasted. This constant is the energy 
equivalent of the unit of heat and is termed the mechanical equivalent of 
heat or Joule’s equivalent. Hence mechanical equivalent of heat 
is the amount of work done to produce unit quantity (i.e., one calorie) 
of heat. It is denoted by * J’ after the namo of Dr. Joule. 

120. Methods for determining J. — Various methods have been 
devised to determine the value of the mechanical equivalent of heat 
(J) of which some are given bolow. 

(lj Vertical Fall Method. —A cylindrical glass tube, about 50 cm. 
in length and closed at each end by padded procelain stoppers, contains 
a number of lead shots. The tube is held vertical when the shots 
collect on the bottom stopper. On now suddenly inverting the tube, 
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the shots fall down the entire length of the tube and strike against the 
lower stopper. If the tube is quickly inverted a number of times, the 
shots are found to rise in temperature slightly. This is because of the 
fact that the work done due to the fall of the shots is converted into 
beat energy which mainly goes to raise their temperature. It is here 
• assumed that very little portion of heat energy is absorbed by the glass 
tube and the stoppers. So this method is an approximate one. 

If m be the mass of the lead shots and h the height through which 
the shots fall down each time, then the loss of potential energy due 
to each fall is mgh. If there are n such falls, then the total loss of 
petential energy is mngh. So this is the amount of work done by 
the shots. Again if s be fchs specific boat of lead and 0 the rise of 
temperature, heat absorbed by the system is msO. Then, 



Wo rk done_ 

Heat produced 


vin gh 
mi 0 


ngh 

s9 


... ( 120 , 1 ) 


We also know that loss of potential energy of the shots manifests 
as the gain in kiDotic energy, which is converted into heat each time 
by impact with the stopper. If v bo the velocity of impact, then the 
gain in kinetic energy is hmv* a mgh. Thus for n impacts, total 
kinetic energy is Jwnu 3 . Then also, 



Work done 
Heat produced 


Timnv* 
ins 9 


nv- 
2 stf 


... ( 120 . 2 ) 


Example s— 

1. A closed card board tube 1 metre long contains some lead shots at one 
end and the tube is quickly inverted so that the shots fall through the whole length 
of the lube. This operation is repented 100 times. Find the rise of temperature, 
ir the sp. lit. of lend is -03. (F.. P. U. —1950) 

A. If in — mass of lead shots in pm. then loss of potential energy for one 
inversion of the tube = my X 100 ergs. For 100 inversions, the work done = 
in X 980 X 100* ergs, taking g— 980 cin/sec. 3 

Again heat developed = m X "03X 0 where 0 = rise of temperature. 

/. m X 980 X100* = 4-2 X 10 T X»i X -03 X 0 

Whence 0 = 7-8°C. 

' (2) Joule’s Method. —The apparatus used by Dr. Joule consists of 
copper calorimeter C (Fig. 88), having four 6ets of lateral vanes V, V 
soldered to its sides. The calorimeter is provided with a water tight 
lid. Through a central opening in the lid a spindle S is introduced, 
which carries a number of paddles P, P. The paddles can just rotate 
through corresponding spaces within the fixed vanes. The position of 
the fixed vanes and the paddles attached to the spindle is shown sepa¬ 
rately in Fig- 87. The spindle 8 is attached by a removable pin G to a 
vertical wooden cylinder D. Two cords are wound round D in the same 
direction in such a way that they leave the cylinder at the opposite ex- 
tremeties of a diameter. The other ends of the cords are stretched over 
pulleys P, P carrying at their ends two equal lead weights W and W. 
There are vertical scales Li, Li to indicate the height through which the 

H— 31 
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weights are allowed to fall. A measured quantity of water isint ° 
the calorimeter and its temperature is noted by a sensitive centigrade 




*«■ 



Fig. 87—Joule’s Calorimeter F, 8- 88 

thermometer, which is introduced into tho calorimeter through an 
aperture in the lid. 

By removing the pin, the cylinder D is detached from the spindle 

and is rotated by the handle H, till the weights are wound up to a de¬ 
finite height. The pin is replaced and tho weights are released. As the 
weights descend, tho paddles turn and tend to communicate a churning 
motion to the water but as this is partly prevented by the fixed vanes, 
tho kinetic energy of the moving water is converted into heat. Just as 
the weights are about to reach the ground, the cylinder is quickly de¬ 
tached by taking away the pin and the weights are again wound up to 
the previous height ; the pin is replaced and tho weights are allowed 
to fall as before. The operation is repeated several times and tho final 
temperature of the wator in tho calorimeter is carefully noted. The 
amount of heat necessary to raise the temperature of the calorimeter and 
its contents must then have been supplied by the work done by the 
falling weights. 


Let the mass of each weight 

height through which each weight falls 
nunibor of times of fall 

water equivalent of calorimeter + contents 

initial and final temperatures of water 

velocity of each weight just before 

reaching the ground 
Potential energy possessed initially by 

the two weights 
Kinetic energy retained by the 

weights just before striking the ground 


■= M gm. 

=* h cm. 

“ n 

03 m gm. 

1=1 ti C. and t a °G. 

— v cm. per sec. 
«= 2 Mg h ergs. 

«= * 2 ergs 
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Hence energy utiliaed in rotating the paddles in eachjall ^ 


/. Total work done (* e.. total energy utilised) in n falls 

— W ■= ^ n 


ergs. 


Heat produced - H 
Hence 


m[t a - t x ) calories. 


W (2M gh-Mv 9 )n .. 

■ T = H " —Jt.-n) ~ eres per oalone - 


(120.3) 


T» ,vprp taken against ami corrections were made for loss of heat due 

Precauti rn ,Hation respectively. The loss of energy due to friction at the 

t° lost as sound waves due to the slight humming produced 

pulleys nn the „ lso taken into account. Joule, however on the 

by the rotating pa i- the sp . ht . D f water to l>e the same at all tempera- 

authonty of ^ } Uicrmomctcr, he* use.l. was not calibrated in comparison to a 

‘as C thermometer and the rise of temperature of water in the ealor.meter was also 

very small. . . , , , 

From a large number of experiments, Joule found the mean value of 
t ; v! 77S ft lbs of work per B. Th. U. ; that is in order to produce 

f J , to of heat required to raise 1 lb. of water lT. 773 ft. lbs. of 

the amount of ^ modified form of the apparatus 

Lula finally obUineT the ZlnJue at 778 ft. lbs. per B. Th. U. or 
4'16 * 10 7 ergs per oalone. 

rq\ Searle’s method. (Friction Gone method ).---This is a very 
• and convenient laboratory method for determining the mecha¬ 
nical equivalent of heat. The apparatus consists of two hollow truncat¬ 
ed cones, G and 0 X of brass, one fitting smoothly in the other, and it is 

A 

Td ^ D 



Fig. 90 


Fig. 89—Friction Cone Method 

attached at its upper end to a circular wooden disc. D (Fig. 89). The 
outer cone C is fixed through ebonite to a brass cylinder, » ttao * ® d * 
shaft which can be rotated rapidly by means of belting b going to.a 
hand-wheel W or a motor. The inner cone Oi is kept in position by 
an ebonite ring near the top (Fig. 90). The inner cone Ox is partly 
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filled with a known mass of water ; the bulb of a delicate thermometer 
T passing through a hole in the disc is immersed in the water. A cord 
is wound round the circumference of the disc D, the end of which passes 
over the pnllev P and carries a weight M at its end. The cylinder 
supporting C is held by sockets B t and B a . in which there is ball 
bearing arrangement. The actual apparatus is shown in Fig. 89, and 
that in section in Fig. 90. 

As the outer cone C is rotated, inner cone G, tends to follow the . 
same direction but is prevented and held in position due to the 
opposing couple caused by the weight M. By properly adjusting the 
rotation of the outer cone and the weight M, the latter can be kept 
stationary in suspension. In this case the torque due to the frictional 
force between the cones is equal to the moment of the force due to the 
weight M. The rate of revolution of the cone is given by the speed 
counter S. 


Let the radius of the wooden disc 

the frictional force between the cones 

mean radius of the cones 

number of revolutions of tbe disc per sec. 


— r cm. 

— F dynes. 
= a cm. 

■= n 


= m gm 

*= ( C. 

= Fa 

“ Mflr. 


water equivalent of tbe cones aud tbeir contents 
rise of temperature (corrected for radiation) 

The moment of frictional force about the axis of rotation 

Moment of the pull due to M „ „ „ „ 

For steady suspension “Fa = Mpr 

Now work done in n revolutions =* 2*na F^-^nMpr ergs. 

Also heat developed by the rotations *■ mt calories 

Hence mechanical equivalent, J = --^—^-ergs per cal. ... (120,4) 

(4) Electrical Method.—described in Voltaic Electricity. 

121. The value of J in different units.—The correct value of 
,T is 778 ft lbs. per B. Th. U. of beat. This means that to produoe 
one pound fabrenheit degree of beat 778 foot pounds of work have to be 
dono. It can be converted into C. G. S. units in the following way.— 

Now 1 ft. lb. “30*48* 453*6* 981 ergs. 

1 B. Th. U. “ 1 lb. degree Fab. — 453’6 * £ calories. 

778 f t lbs. 

1 lb. deg F. 

7 78 x 30 *48 * 453 *6 * 9*1 * 9 ergs. 

453 6 * 5 calories 
4’186* 10 7 ergs per calorie 
4*186 joules per calorie. 


Hence J — 
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» The value of J is approximately taken to be 4*2 x 10' ergs per 
calorie. 

Examples :— 

1. With wluit velocity must a lead bullet at 50 3 4 5 * C. strike against an obstacle 
in order that the heat produced by the arrest of the motion, if all the heal produced 
within the bullet is utilised, might be just suilicient to melt ? (sp. ht. of lead = 0 - 03l ; 
melting point of lead = S35°C ; latent heat of fusion ot lead — 5'3/ ; 
J = 4’18 X 10 7 ergs per calorie). 

A. Let the mass of the bullet be m gm. and let the required velocity be v cm. 


per sec. 

Then the kinetic energy = imv s ergs. 

This energy is converted into heat which raises the temperature of the bullet 
from 50°C. to 335°C. and then melts it. 

/. The heat produced = J m X 0 031 X (333 — 50) + ni X 5-37 f 

==/« X 14-205 calories. 


As W = JH, imv 2 = 118 X 10 7 X »i X 1 1*05 ergs 

v =\/'2 X 4 18 X 14*203 X 10 7 = 34*40 X 10 s cm. per sec. 

2. A piece of steel of mass 1200 gm. is struck by a hammer weighing 000 kgm. 
dropped from u height of 1*6 metres. Assuming 75% of the heat generated to be 
retained by the steel piece whose specific heat is 0-12, calculate its rise in tem¬ 
perature. (Mad. U.—1950) 

A. Mass of hammer = 900 kgm. = 96 X 10‘ gm.; Height whence it falls 
= 1-0 metres =100 cm; Assuming g = 980 C. G. S., the potential energy of the 
hammer = 90 X 10' X 980 X 100 ergs and this amount is to be wholly converted 
into kinetic energy just before striking the piece of steel. 

Now heat produced = W/J ; assuming J=4*2X10 7 ergs/calorie 



90 X 10' X 980 X_1C0 
9-2 X 10 7 


calories = 358 1 cals. 


Of this amount of heat, only 75% is retained by the steel piece. Thus heat 
retained by the steel piece is 3 X 3584 = 2088 cals. If rise of temperature of steel 
piece be t° C, then, 



2088_ 

1200 X 0-12 


18 (i°C. nearly. 


3. If the mechanical equivalent of heat be 4-2 X 10 7 ergs/cal., from what 

height must a mass of water be dropped in order to raise its temperature by 0-1 °C, 
assuming that all the kinetic energy gained by the mass of water is used up in 
raising the temperature? (g — 980 cm./sec.*) (Pat. U. — 1952) 

A. Let h be the height in cm. Since the kinetic energy of fall is equal to the 
potential energy at the height, 

imv" = mgh where r/t = mass of water in gm. 

Now, W = JII or, mgh = .III = J X w X 0-1 

or, 980 X h = 4-2 X 10’XO l whence h = 4280 cm: nearly. 

4. A copper calonneter weighing 120 gm. (sp. heat 0-1) and containing 3901 

gm. of oil (sp. heat 0-5) is stirred by a rotating puddle. If the couple driving the 

puddle Ls 10’ dynes-cm. und if the rise of temperature is 8° after 1000 revolution, 

calculate J. (And. U.—1952) 
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A Work done by a couple = moment of couple X angle turned through. • 
Therefore 10’ dyncs-cm. in turning through 1000 revolution does nn amount of work 

j= 10 * x at X 100° = 2* X 10 u ergs. — W, say. 

Now heat absorbed by the calorimeter and contents = (120 X 0-1 + 3901 X 0*5) 
(X 8 = 15700 cals. = H, say. 

XV 2 X 3 14 X 10 _ ^ o x 10 7 ergs, per caloric. 


Then. J = 


15700 


- Tlu» ridius of the lop disc of a friction cone apparatus is 20 cm., ami a 

about the central axis and (if) rate of development of energy m watts, 
joules per calorie ; g — 930 C. G. S.) „ 

A Aromcnt of the couple about the central axis = Mgr = 100 X980 X- 
c = 1 90 x 10 l dyne. cm. 300 revolutions per minute = 5 revolutions per secon . 

So work done per seond = 2*nMgr = 2 X 3 * 14 X 5 X 100 X 9S0 X 20 ergs. 


2 X 3-14 X 5 X 100X9S0_X20 _ ; milrs wr sec . 

Rale of energy =- - 1q t j 1 

= 6*154 watts. 

*122. Difference between two Specific Heats of a Gas.— 
If a quantity of a gas is heated at constant volume, no external work ib 
done by the gas and so the heat supplied is wholly utilised in raising 

the temperature of the gas. while the pressure increases. But if the 

volume is allowed to expand so as to keep the pressure of the gas con¬ 
stant, an additional amount of heat is necessary to supply the energy 
equivalent to the external work done. Hencs the specific heat ot a 
gas at constant pressure ( G P ) exceeds the specific heat at constant 
volume (Cc) hy the amount of heat equivalent to the external work 
done when one gramme of the gas is heated through 1 C. at constant 
pressure. 

Lot us take one gramme of a gas at pressure P. dynes per sq. cm. in 
a cylinder fitted with a piston of cross-sectional area A sq. om. Then 
the pressure on the piston is P 0 A dynes. 

Let the gas ho now heated at constant pressure through 1°C. and let 
the piston move outwards through a distance of d cm. 

Then external work done during expansion = P 0 Ad ergs. 

Now the increase in the volume for a rise of 1°C“ Ad 

Let the volume of I gm. of the gas at 0°C, and under a pressure P Q 
he V,. Then Ad-V 0 /273. 


External work done for a rise of 1°0. “ P 0 A(Z 


P.V. 

273 


ergs 


From Charles’ Law, PoV.,— RT 01 where T c is the absolute tempera¬ 
ture corresponding to 0C. and is therefore equal to 273. 

P V P Y 
273 T 0 


• • 
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Hence, the external work done for a rise 1°C = R ergs. 

This is equivalent to the difference between the specific heat, o 

gas. In other words. (122,1) 

Gp ~~ Go B R./J. 

whore J is Joule’s equivalent. 

it was experimentally determined by Dr. Joule. 

For hydrogen C„ = 3‘409 calories per gm. per. "C. 

G v = 2*411 . 

Now the volume V 0 o( 1 gen. of hydrogen at N. T. Y.-1116 c.c. 

Also the normal pressure I\~ 7G * 13’6 * 931 

= 1*014 * 10° dynes per sq. cm. 

1014 x 10° * 11160 

Hence for 1 gm of hydrogen, R 273 

- 4‘ 145 x 10 7 erg6 per °C 
4*145* 10 7 . 

From eqn. (122,l), 3’409 -2 411- j 

, T ■= 4' 152 * 10 7 ergs per calorio 

whence d 


Examples :— - 

1. How mod. work hr do 
water at 0°C. is converted into steam . i-\prc 

i • w nr*, ni which water is converted into steam at 100 C. 
\ The atmospheric pressure at vkUiui 

is a pressure of 70 cm. of mercury. 

• The pressure at the time = 7(1 X 13 <i X 081 dynes per sq. cm. 

When 1 urn. of water is changed into steam at 100°C. the increase in volume 

in 1074 c.c. 

Hence the required work done = 70 X W-0 X 081X107* ergs. 

70 X 13 0 X 081 X 10 7* 


This is equivalent to 


\ = to-87 calorics 

j 


4-2 X 10’ 

2 The specific heal of air at constant volume is 01014 und al^conslnnl 
pressure is 0-2375. Calculate the value of J. Dcns.ly of a.r at N. T. 1 . _ 00!-93 

irm. per c.c. 

A. The normal atmosph.cric pressure V, = 70 X 13-0 X OS. dynes per sq. cm. 

Volume of 1 gm. or air at 0°C. is V. = 773-3 c.c. 

PoV 70 X 13 0 X 081 X 773 3 

Thus for 1 gm. of uir, R — g 7 g 273 

70 X 13 0 X 0S1 X 773-3 

From cqn. (122,1) 0-2375 — 0-1048 — 273 X J 


whence 


J = 4 10 X 10 T ergs per caloric. 
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JAMES DEWAR (1842—1923) 

Dewar was born at Kincardine-on-Forth on September 20, 1842. 
Ho received his education at the Dollar Academy and later at Edinburgh 
University. At the age of twenty one he was appointed assistant to 
Lord Playfair, then Professor of Chemistry at Edinburgh and in 1868, 
he worked for some months under Prof. Kekule. One of his most 
important researches is the discovery of the explosive ‘cordite’ in colla¬ 
boration with Sir Frederick Abel. 

Dewar then turned his attention towards production of low tem- 
perature. lie was then appointed Professor of Experimental Philosophy 
at Cambridge. In 1891 ho was successful in liquefying oxygen and 
to preserve the liquid he designed a double-walled tlask known as 
Dewar's tlask. Later on ho could liquefy and oven solidify hydrogen 
bringing down the temperature to — 260°C. Once Dewar remarked 
“As we approach the zero point of the absolute temperature, we seem to 
be nearing what 1 can only cull the death of matter”. He was knighted 
in 1904. His last attempt was to tackle the helium gas, but he could not 
finish his experiments owing to an accident. He died on March 27, 1923. 

JAMES PRESCOTT JOULE (1818—1899) 

Joule was born ra Salford near Manchester on December, 24, 1818. 

Ilia father was the pro¬ 
prietor of a largo brewery 
where the boy got oppor¬ 
tunities of carrying on 
with his experiments. He 
had a very delicate health 
and had to be educated at 
home. Fortunately John 
Dalton was employed 
as bis private tutor from 
whom the boy got the 
inspiration for Science. 

The first few years of 
his student life were spent 
in electrical researches 
due to the intluence of 
Faraday. He designed an 
electromagnetic engine 
and then bis attention 
was concentrated upon 
the manner in which 
work was done by an 
engine. Ho found that 
in all engines work is 
done at the disappea¬ 
rance of certain quautity 
it Then he wanted to show the relation between work done and 
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heat necessary to do the required a-nount of work. To complete his 
investigations on the mechanical equivalent of heat he devoted thirty - 
five years from 1843 to 1878. Joule also invented various apparatus 
including electric meters and speed counter of hydrogen molecules. 
In 1872, Joule’s health gave away and he was forced to retire. He died 

on October 11, 1889. 


Summary 

Nature of heat.— Heat is due to the agitation of the constituent molecules of 
a body. 

Mechanical Equivalent of Heat.— When work is transformed into heat or 
heat into work, the quantity of work is mechanically equivalent to the quantity 

of heat. 

If by on amount of work W, the quantity of heat produced is II. then 

J = W -f- H or \V = JH 

where J is a constant and is known ns the mechanical equivalent «f heat. 
Difference between Specific Heats of Gas C, — C\ — K/J. 


Exercises on Chapter IX 

1 Describe an experiment to establish the connection between heat 

and work and deduce from them the idea of mechanical equivalent of 
}, eut . (It. 1*. B.—1942; Put. U.—1030 ; Dac. L.—1941) 

2 Write an essay on ‘Ileut as a mode of motion . 

(Dac. U.—1910; 

3 Explain what is meant by saying that heat is a form of energy'. 

(Dac. U.—1928. ’30) 

4 . From what height must a block of ice drop in order that it 
may be melted completely ? It is assumed that 50% of the energy 
of full is retained by ice. (Assume g = 9S0 ; L = 80 and J —4-2 
Joules/culorie). (Del Li. 1942) 

A. 0*80 X 19° cm. 

4d. How long will it lake for on electrical heating rod of 42J 
watts to beat 100 c.c. of water by 10°C., if no beat is lost ? (J = 
4'2 X 10 T ergs/calorie). H*. II. U. 19.>9) 

A. 10 sec. 

" 5 Calculate the velocity of a lead bullet whose temperature on 

striking an unyielding target, rises by 200°C. assuming that the whole 
€>r the heat generated by the impact remains in the lead. Specific heat 
of lead is 0 03. (C. U.-1937, ’41) 

A. 22-45 X 10* cm. per sec. 

0 . What is meant by Mechanical Equivalent of heat ? IIow can 

it be determined experimentally ? 

(C. U.—1047, ’49, ’.50 ; Utk. U.—1953 ; 

My*. U.—1952; Gnu. U.— 1951, '53 ; Dac. U.—1942 ; Del. H. S— 1951 ; 

Del. U.— 1942, ’51 ; It. P. B.—1940,’49 ; Pat. U.—1944, ’52) 


Reference 
Art. 116 

Art. 118 

Art. 118 
Art. 119 


Art. 119 


Arts. 

119 & 120 
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7. A meteorite weighing 2000 gg. falls into the sun with a velo¬ 
city of 1000 metres per sec. Assuming that all its energy is converted 
into heat, how many calories of heat will be produced. 1 ' J = 4" 19X10 

A. 2*4 X 10 s calories. 

8 . A lead ball, dropped from au aeroplane at a temperature of 
15°C just melts on striking the ground. Supposing the whole of its 
kinetic energy is converted into heat, find out the height of the aero¬ 
plane at the moment the ball was dropped. Sp. ht. of lead =: ‘03, 
melting point of lead = S50°C; latent heat of lead = 35 cnl/gm. 

(Gau. U.—1951) 

A. 19280 metres. 

8 a. One kilogram of coal generates l‘7 X 10' calories of heat dur¬ 
ing combustion. Assuming that only ^jth of the energy so generated is 
utilised for mechanical purposes, find the mass of coal required per 
hour for running a 10-horse power engine. [1 h. p. = J4C X 10 ergs 
per second; J = 4*2 X It) 7 erg/calorie]. (Itk. U. 1953) 


A. 1S8-05 kg./hour. 

0. What is meant by mechanical equivalent of heat ? In an ex¬ 
periment to determine it 800 gm. of lead shot were placed in a long 
card board tube held vertically, the length of which was such that on 
reversing the tube the shot fell through 100 cm. The original tempera¬ 
ture of the shot was 23°C. and alter 50 inversions of the tube the 
temperature was found to have risen to 28'84°C. hind J in ergs per 
calorie. (Sp. ht. of lead =-031, g = 980). (C. L.—1950) 

A. 112 X 10' ergs/caloric. 

10 . Mercury falls from a height of 50 metres in vacuo upon a 
perfectly non-conducting surface. What will be the rise in tempera¬ 
ture after the rail, if the sp. ht. of mercury be -02 and J = 4 2 X 10 
ergs per calorie. (^- 1946) 


A. G01 C C. 

11. Calculate the difference in temperatures between the water 

at the top and that at the bottom of a waterfall which is 50 metres 
high, given Jr=4-2X10 T ergs/calorie. (Gau. U.—-1953) 

A. 0-12°C. 

12. A cannon ball of mass 100 kgm. is projected with a velo¬ 

city of 400 metres per sec. Find the amount of heat that would be 
produced if the ball were suddenly slopped. (J = 4*2 X 10‘ ergs per 
calorie.) (And. U.-1051) 

A. 19-05 X 10° calories. 

13. A mass weighing 2000 grammes falls from a height of 300 cm. 
If all the energy is converted into heat, find the amount of heat deve¬ 
loped. Mechanical equivalent of heat = 4v2 X 10‘ C. G. S. 

(Del. H. S.—1951 ; C. IT.—1920; Dac. U.—1942) 

A. 14 calories. 

14. A block of metal slides down a rough inclined plane, starting 
from rest at a point 10 metres above the ground. Just before reaching 
the grouud the velocity of the block is 10 metres per second. If half 
of the heat produced by friction remains in the block, by what amount 
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Reference 


ha, it, temperature been raised while sliding down ? (Sp. heat of the 

metal = 0 -1). 

A. 0-057°C. 

15 \ copper calorimeter weighing 200 gm. contains 280 gin of 

water!** A mechanical stirrer is able to raise the temperature of water 
at the rate of 0-8 J C\ per minute. Calculate the energy in wnlU 
by the Stirrer. (Sp. ht. ot copper = 0-1 and J -4- ymles # p. 

caloric). 

A. 0-3 watts. 

16. A bullet is suddenly stopped and all ds energl' b converted 

-KxtiS 1 

tin bulla was moving. (J = HX 10’ erg./eal.) I 

A. 42 X 10 3 cm./sec. 

17. A lead bullet strike, a target with a velocity of mo metre, per 
see. Calculate its rise in temperature assunung hat a I h 5^' 
loped remains in the bullet. (Sp. lit. oflead = OS). U • l 

A. Ia8-7°C. 

find the rise in temperature assuming that ‘he heal produ.v.l_,s ra,md y 
shared between it and the target, (bp. lit. of lead - 03. J - 4 2 X to 

C. G. S.) 

A. 457* 1°C. 

19 A lead bullet travelling with a speed of 2«>0 metre pc, second 
is brought to rest after hitting a target. Assuming that h» c of 
kinetic energy is converted into heat in the bullet . self find Hu 
r^e in temperature of the bullet after impact. (Sp. hi. of 

A. 126 0 °C. . 

on Describe a method for the determination of the mechanical 

equivalent of heat ; and mention clearly the units in which d , “ e “* 
W| , /it i» B—1953; I'. U.—1920, ’30 ; c. Nag. I .—19aU , 

Kurcd. G. I. . B H u._ 1953 C . U.—1939, '41) 

oi Describe how the mechanical equivalent of heat is determined 
,, y frictional cone method. V.-IM ; 

22 A copper calorimeter of mass 122 gm. contains 1080 gm of 
aniline oil, which is stirred by a rotating paddle requiring couple of 10 
dynes cm. to drice it. The temperature of liquid is raised 8 C.^uflc. 
450 revolutions. Calculate the value of J. (bp. lit. of aniline _ 0 a 
and that of copper = 0-095). 

A. 4-15 X 10’ ergs./caloric. 

o-l Describe Joule’s method for determining the mechanical cqui- 
vul-t of heat. (Nag. U.-1951. W; C. 

24. Mention different methods to determine the mechanical equi¬ 
valent of heat and describe any one of them. (Uel. U.—1940) 


Art. 120 


Art. 120 


Art. 120 


Ait. 120 


Art. 120 


Art. 120 


Art. 120 


Art. 120 


Alt. 120 


Art. 120 
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Reference 


Art. 119 


Art. 122 


Art. 122 


Art. 122 


24 a. What is meaut by mechanical equivalent of heat ? Describe 
Searles method of determining the same, giving precautions to be 
taken. (B. II. 17.—1950) 

25. How much work must be done for supplying heat necessary 
to convert 10 gm. of ice at — 5°C. into steam at 100°C. ? (Sp. lit. 
of ice 0*5 and mechanical equivalent of heat = 4*2 X 10 T ). 

(R. P. B.—1942) 

A. 30177 X 10 T ergs. 

20. Explain how the difference of specific heats of a gas enable 
you to evaluate the mechanical equivalent of heat. 

(It. P. B.—1949 ; U. P. B.—1952) 

27. Prove that C p — Cr = R ergs. (R. P. B.—1941. ’48) 


the 


28. Calculate the value of the mechanical equivalent of heat from 
following data for air:— (U. P. B.—1949) 


Specific heat at constant pressure 
Specific heat at constant volume 


= 0-2375 cal. 
= 0-1690 cal. 


Atmospheric pressure in dynes per sq. cm. 


= 1-013 X 10° 


Volume of 1 gm. of air at N. T. P. = - 


c.c. 


A. 4 • 19 X 10 T ergs per calorie. 

29. Specific heat of argon at constant pressure is 0-125 calories 
per gm. and at constant volume 0-075 calories per gm. Calculate the 
density of argon at X. T. P. (J = 4-18X 10 : ergs/cal.; normal pres¬ 
sure = 1 *01 X 10* dynes/sq. cm. (R. P. B.—1949) 

A. 1-8 X 10~ 3 gm./c.c. 



CHAPTER X 

HEAT ENGINES 


123. Heat Engines.—These are machines by means of which 
heat energy is transformed into mechanijii work. There are two 
principal types of engines, namely, (i) External conbustion engines, ( ii) 
Internal ce nbustion engines. In the former type, water is converted 
into steam in a chamber, outside the working portion of the engine 
while in the latter type, the fuol used to generate heat is either a gas 
or liquid and the combustion of the fuel takes place inside the working 

portion of the engine, 

Conversion of Linear to Rotatory Motion.—If we can obtain 
a continuous motion from a machine, either linear or rotatory, it can be 
converted to any desirable type of motion. Almost in every class of 
engines, the primary object is to secure a rotatory motion of a massive 
wheol, called the fly-wheel. Every other motion is derived from this 
fly-wheel dy direct or indirect coupling processes. 

Consider a heavy wheel W (Fig. 92) rigidly attached to a shaft and 
capable of rotation. One end of a stout metul rod R, called the crank- 
rod, is hinged at one spoke of the wheel and its other end is also binged 
at the end B to anothor rod capable of moving to-and fro within a 



Fig. 92—Piston rod and Fly-wheel 

cylinder. The hinged combination of the crank rod R and the piston 
rod at B is known as a stuffing box. This second rod is provided with 
an air-tight piston P moving within the cylinder C. If now some force 
acting on the piston causes it to move to-and-fro within the cylinder, 
the link rod would revolve the fly-wheel continuously. All classes of 
onginos are provided with such appliances. 

124. Steam Engine.—The principle of the stoam engine was 
discovered by James Watt in 1768. Although many important im¬ 
provements have since boon introduced by Trevithick, Stophenson 
aud others, the fundamental features remain the same. 
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The essential parts of a steam engine are (Fig. 93) 

(1) Boiler L.—Here steam is generated by boiling water in a strong 
metal vessel over the furnace F in which coal is burnt. The steam 
is led away by a metal tube U into a chamber S, called the steam chest. 
There is a regulating key M with the tube, by means of which the 
Bupply of steam into the chest can be controlled. 

(2) Steam chest or Valve chest .—This is a stout box S into which 
steam is injected from the boiler through the pipe. It has three 



Fig. 98—Sectional diagram of a complete Steam Engine 

openings or ports ; the middle one, E is connected with the exhaust 
pipe, while the other two A and B lead into the cylinder O. 

(3) Slide Value or the V-valve.— This is a D-shaped valve moving 
within the steam chest and regulating the supply of steam through e 
ports. The slide valve is connected to the rod T through a stulliDg 
box Oa. The rod is finally connected to eccentric disc X of the main 

(4) Cylinder, C.—It is a strong cylindrical vessel communicating 
with the steam chest through the two tubes. A steam-tight piston P of 
cast steel just fits and works within the cylinder. The piston works 
through a stuffing box O x ou the driving rod R which is hinged at X 

to the main shaft H. . , # , .. 

(5) Safety valve, G.—It is a mechanism for safety of the Doner 

against a prohibitive rise of steam pressure within it. There is an 
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outlet pipe fitted with a valve N. being worked by a lever \ • If the 
steam pressure goes above the safe limit, the valve automatically open* 
and a part of the steam escapes, lowering the pressure. 

(6) Fly-wheel, W.—It is a largo wheel connected with the main 

shaft. _ 

Action.— Super-heated steam at a very high pressure UO atmos¬ 
phere or even more) from the boiler is led through the pipe. U into the 
steam chest and thence into the cylinder. C through any one of the ports 
Rqv lower one (Fig. 94,o). When the steam enters the cylinder, the 
slide valve covers the exhaust and the other port so that these two are 
put into communication. The pressure of the steam due to its expansee 
action inside the cylinder pushes the piston upward. 



CM -:V •' 






4 - V - 


(a) Fig. 94 (b) 

The movement of the piston rotates the crank-shaft whereby the 
motion is communicated through the eccentric X to the valve-rod T. The 
valve therefore, automatically moves in the opposite way. \\ hen the 
piston has moved nearly to the end of the cylinder, the valve covers 
the lower port and the exhaust, but opens the upper port (Fig. 94. b) 
The stoam now enters the cylinder through the other passage and 
pushes the piston in the opposite way until it almost strikes the wall ; 
at the samo time the exhaust steam goes out through the exhaust 
nine This operation is repeated successively ; the slide valve 

opens and closes one of the ports alternately just at the proper 
moment, so that the piston moves to-and-fro within the cylinder. The 
toand-fro motion of this piston is converted into a rotatory motion 
of the main shaft through the crank. Twice during each revolution 
at the top and the bottom of each stroke, the crank, and the connecting 
rod are in the same line, when the piston momentarily comes to rest 
and has no turning effect on the shaft : those are called tho tdle centres’ 
or 'dead points’. Again at two points during each revolution the crank 
is at right angles to the connecting rod. when the turning offoct on tho 
shaft bocomes maximum. The shaft carries a largo and heavy Jly-xuheel 
W which due to its large moment of inertia smoothes down any 
variation of motion of tho crank shaft. 

The supply of steam from the bo\ler i ato tho oylinder is regulated 
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by a valve, known ag the throttle valve, which is worked upon by a 
piece of self acting machinery known as the governor. Ef the engine 
works too fast, the balls of the governor move upwards and pull down 
the collar and in so doing operate the throttle valve so as to reduce the 
supply of steam. The motion of the shaft may be communicated to 
any machinery by means of a belt passing over a pulley attached to the 
main shaft. The type of engine described here is called a Double¬ 
acting Engine, for the steam acts alternately on two faces of the piston 
thus producing a to and-fro motion. 

Condensing and Non-Condensing Engines.—The type of the 
engine in which the waste steam escares through the exhaust-pipe 
into the open atmosphere is called a non-condensing engine. Such an 
engine can be easily recognised by the puffs of exhaust steam, escaping 
into atmosphere at each stroke of the piston. While in a condensing 
engine, the exhaust steam is led into a chamber, called the condenser 
where the steam is condensed due to low pressure. The condensed 
steam is again used in the boiler to produce steam. The efficiency of 
the condensing type of engine is greater. 

In a railway locomotive the principle of working is similar, but 
there are two pistons placed below the boiler, one on either side. These 
pistons are connected by crank shafts to the large diving wheels and 
they move backwards and forwards alternately. The boiler has a large 
fire box at the rear and a smoke-box at the front end. The boiler itself 
is composed of a large number of tubes through which the heated gas 
from the furnace goes out into the smoke-box to escape finally through 
the chimney. 

125. Efficiency of an Engine.—It is measured by the ratio 
of the heat utilised or transformed into work in a given time to the 
total heat supplied by the fuel in the same time. This is more often 
called Thermal Efficiency. 

If Q ho the heat produced by the fuel consumed per unit of time, 
and W, the power developed i.e., the amo< nt of mechanical work done 
per sec, then the thermal efficiency is given by 

W 

y - ^ ... (i35,i) 

Thus y gives the fraction of the total heat convertedlnto work and 
is always less than unity, The efficiency of the best type of steam 
engine is not more than 17 The output energy is measured in 
terms of horse-power I.H. P.) An eugine is said to have ono horse¬ 
power when it performs 500 ft- lbs. of work per second or 33,000 ft. 
lbs. of work per minute. Heat, taken in, may be measured by the 
quantity of steam used in a given interval and the initial and final 
temperatures and pressures of the steam. 

The power developed by steam pressure within the oylinder of the 
ongiDe is known as Indicated Ilorse Power, which depends upon the 
mean effective pressure of the steam on the piston during a stroke, the 
cross-sectional area of the pistion, length of the stroke and the number 
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* i. i minute This power cannot be fully utilised by the 

sss? 

aasaEw*- 8 »w«£."«a Jk »• 

Mechanical Efficiency. Thus 

Brake Horse Power_ 

Mechanical efficiency = 100 * indicated Horse Power 

126. Internal Combustion Engines -In this type th ° 

engine. (2) an oil engine or gas engine. 

o i onninp This is a type of internal combustion engine in 

'ssns - - 



Fig. 96—A complete Petrol Engine 
A complete.picture of. 

petrol is stored in P t Z pressure, petrol is forced into the carburet. 
containing a float 1, an Y carburettor may bo adjusted 

<0r ;, Th l^K W^ta tho c^rtureUo; the petrol L vaporised and is 
with a key K x . Within * . au j ate d supply of the mixture 

mixed with proper propo through an adjustable valve, called the 

the “current hieing supplied by a small dynamo, called 
the ma%Lto, which is driven by the engifae itself. 

H—32 
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Within the cylinder 0 an air tight piston P works. The cylinder, 
is provided with an inlet and an eshaust mushroom valves I and E 
with projecting rods and operated respectively by rotating cams A t ,A g , 
which are driven by th9 main shaft. Each can has a protruding end 
and is designed to rotate at half the speed of the main shaft H. In 
course of rotation when this end points upward, it gives the bottom of 
the valve rod an upward push and thereby the corresponding valve 
opens. For other position of the cams the valves are kept pressed 
on the holes by powerful springs S! and S»- Hence the opening and 
the closing of these valves are controlled by the motion of the piston. 
In order to prevent the cylinder frcm becoming too hot during the 
operation, it is surrounded by water-jacket through which .there is a 
continuous circulation of water (not shown). 


The engine is called a four-stroke engine, as the supply of the 
fuel is made only once during the time the piston makes four motions, 
two forward and two backward. As the first successful gas engine 
was designed by Dr. Otto in 1876, the operation of the four consecutive 
strokes of the cyjle is known as the Otto cycle. In a complete cycle, 
the four strokes occur in the following order,— 

(0 The Charging Stroke .—The piston moves downwards, the inlet 
Valve I, opens and a quautity of the curburettod mixture is sucked into 
tho cylinder (Fig. 96,1). 


Hi) The Compression Stroke .—The piston moves upward and com¬ 
presses the combustible mixture to about jth of the volume. Both the 
valves E and 1, remain closed during the stroke and the temperature 
of the mixture rises to about 600 C. (Fig. 96,2). At the end of this 
stroke, the mixture is fired by a Beries of sparks from the sparking plug. 



(**) The Working Stroke .— 
Due to the combustion much 
heat is developed, whereby the 
temperature inside rises to about 
2000°C. and the pressure rises 
to about 15 atmospheres. Owing 
to the expansive action of the 
gas, the piston is driven outward 
with a great force, both the 
valves still remaining closed (Fig. 
96, 3). This is the ody stroke 
during which the engine does 
work. 


Fig. 9G—Four Cycles of Operation 


As the explosive mixture re¬ 
quired a little time for full com¬ 


bustion, the maximum force of fho explosion developes a short time 
after the sparking of the mixture. 

(r.0 1 he Exhaust Stroke .— The piston moves upward and the 

xhaust valve, E then opens aud the spent production of combustion is 
torcod out, tho inlet valv 0 1 remaining closed (Fig. 96,4). 
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Afterthe exhaust is complete, the initial condition is attained and 
a fresh cycle begins again. As the engine receives energy only during 
the working stroke, the fly wheel must be very heavy so that inertia 
gained by it during this stroke will maintain the speed without any 
appreciable loss during the next three strokes. In fig. 95, the flywheel 
is replaced by a heavy counter weight W attached to the opposite end 

of the shaft. 

A petrol engine in a motor car or aeroplane is provided with a bank 
of cylinders, the number being a multiple of two, generally four, six or 
eight or even more. The 
pistons of all the cylinders 
work on the same shaft 
thereby increasing the 
working capacity or the 
horse-power of the engine. 

The arrangement of the 
different parts in a motor 
car engine is represented in 
fjg. 97 in which A and B 
represent two cylinders, M 
and N piston rods, KSLQ 
the main shaft, \V the fly¬ 
wheel and R the radiator y. g? —y iow Q f ft Motor Cur Engine 

of the water circulation * . . , , 1V 

system. Since such a type of the engine requires to he started ■ > 
external agency ; H is the handle by the rotation of which the engine 
is started There is also a mechanical arrangement to give the first 
start of the engine. This called the self-starting lever. 

••127 Oil Engine. —It is a typo of internal combustion engine, 
using as’ fuel an explosive mixture of air. and some oil. The oil is 

*vw> form of spray into the vaporiser which is a red-hot 
a ^\ tube and into which air is also admitted. The oil evaporates, 
mixes with the air and is exploded at suitable intervals. A four-stroke 
“ycle also works in this case. In a special type of machine called the 
Diesel Oil Engine after the name of inventor, the cycle is modified in 

the following way. 

During the first stroke, a requisite quantity of air is sucked within 
m a blinder During the second stroke the air is very strongly com- 
nressed bo that great"heat is developed within the cylinder and the 
temperature rises to 

nil inrav is injected at a very high pressure into the cylinder containing 
hVo highly compressed and intensely heated air ; the mixture takes fire 
and burns non-explosively, maintaining parctically a constant pressure. 
During the fourth stroke, as usual, the burnt gas is forced out of the 

cylinder. 

The efficiency of the engine is very high, being about 70 per cent. 
It is very economical, being adapted to a wide range of fuels from 
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kerosine to tar spray. They are used in submarines, many merchant 
vessels and for various purposes on land. 

Gas Engine.—It works similarly as a petrol engine and employs 
as fuel a mixture of about 1 part by volume of coal gas and 8 parts 
of air. The same four-stroke cycle works and the valves are operated 
in the same way by cams and spring which regulate the inlet of the 
mixture and the exhaust. The bring of the gaseous mixture is effected 
within the cylinder by contact with the walls of a red-hot porcelain 
tube or by electric sparks oceuring at properly timed intervals. The 

engine is also cooled by water, flowing through a jacket round the 
cylinder. 

Comparison of a Gas engine and a Steam engine.—The 
efficiency of a gas engine is higher than that of a steam engine being 
often as high as /0 per cent, while that in a steam engine the highest 
\alue is about 17 per cent. The former is free from smoke, occupies 
smaller space and may he instantly started. But the fuel (gas or 
gasoline) used in the former is comparatively expensive. 

Example* :— , 


». A p.-trol engine me- every hour I lb. of pelrol which produces 24.000 13. Th. 
I', of lic it, ami he* uu efficiency of 30%. What is its II. I’. (Gau. V.—1052; 

, <-<■ output enc-rgv . , 80 

'• -h.cic iicy _= . • . . Output energy = — X 22000 13. Th U 

input energy 1 b * njU “• KJ ‘ 

per I* -t = O'U 00 li. Th. l\ per hour = 0000 X 778 ft. lbs. of work per hour. 

0000 x 77b ft. lbs. per hour = ft. lbs. per sec. 

bin< I II. I\ = 550 it. lb*, per see., the output horse power of the engine 
0000 x 778 


00 X 00 X 550 


= 2-59 II. I*. 


'• -' m c,, B' u e* con.-unies so |b of coal in drawing a train of weight 240 tons 

over a di-tiinec oi I mi!.-, the resisting foree being equal to 35 lbs. per ton. The 
calorific value of the particular sample of coal is such that 1 lb. is capable of con- 

. ■ * * . . | same temperature. Find the 

chicicncy of the engine (Latent heat of steam = 530; J =1400 ft. lb. deg. Centigrade). 
A. The total resisting force = 35 X 210 !b. 

. . Work done in moving the train 1 mile = 35 X 240X1700X3 ft. lb. 
lleat developed by the consumption of coal. () = ].*, X 530 X SO calories. 


= 0-01!) or 4-9%. 


Hence the efficiency, -= W = 35 * “A 0 .* 1700 X3 

Jt«> 1 WO x 15 x 33C x so 

3. A motor car uses petrol whose calorific value is 11 X 10* 13. Th. U. per 
udlon. The ear couw on average 20 miles to the gallon running at 24 miles an 

h m- during which the average output is 10 II. P. Find the overall efficiency on 

tr*- car. 


A. Work obtained 
Petrol consumed per hour 
/. Heat energy given per 


— H* X 550 ft. |x?r sec. 

= t -f- = A gallons. 

0 

6 * 3600 x 11 x ,0 * B. Th. C. 


SCI 
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Mechanical energy given per sec 


8600 


work obtained 


Hence the required efficiency 


energy' given 
5500 X 5 X 3600 


up a steam engine irom which 
continuous work could bo de¬ 
rived. Soon after his inven¬ 
tion, steam engines to run on 
rail roads were constructed by 
Trevithick, Stephenson and 
others. But Watt was the real 
inventor of steam engine. y 

Ap*rt from this, he designed I 

a musical organ, letter-copying I 

press and various moulds. He J 

designed apparatus for the ma¬ 
nufacture of gases and deter- 
mising specific gravities of liquids 

August 19, 1819. 

% 

Summary 

Heat Engines ure appliances by means of which heat energy is transformed 
into mechanical work. There arc two types of engines, namely, (i) Steam Engines 
( ii ) Internal Combustion Engines. 

Steam Engines.—Highly heated steam from the boiler is led into the steam- 
chest from which it passes into the cylinder, alternately above and below the piston 


Fig. 98—James Watt 
He died near BrimiDghuui, on 
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through two ports. The expansive action of the steam moves the piston inwards 
and outwards alternately and this lo-and-fro motion is converted by proper device 
into a rotatory motion of the shaft. 

Internal Combustion Engines may l>e (i) Petrol engines ( »i ) Oil and (iii) 

Gas engine 

The efficiency of an engine is measured by the ratio of the heat utilised or 
transformed into work \\ to the total quantity Q supplied by the fuel. 

I he capacity of an engine is its rate of performing work. This is called 
the horse-power (H. P.) which is equivalent to .350 ft. lbs. of work per second. 


Reference 
Art. 124 


Art. 124 


Art. lJii 

A)'". 120 
Art. 125 


Art. 126 


Art. 125 


Arts. 

124 \ 120 


Art. 125 


Exercises on Chapter X 

I. Describe the principle and action of a Steam Engine, giving 
a sectional diagram. (Del. l\—195*; L\ P. B.—1950; 

C. 1 .—1947 ; Del. II S.—1950 ; E. P. I*.—195*; Due. IT.— 

19 41; P. 1.—1931) 

Describe with sketch the principle underlying the construction 
ut :i Steam Engine, and point out the transformation of energy which 
ort-ur - < L'tkul l\—1947, 49, 5*) 

•h Describe with a neat diagram any form of a modern Petrol 
• •iii ne. IIow does it act? 

C I .—1940. 4*. '4S. ‘53; Gnu. I’.—1950, 5* ; E. P. I'.—1953) 

I)•_•*< ribe the working of an internal combustion engine with 
diet rani i Due l'.—194*; V. P. 11—1947 : B. II. T'.—1950) 

1 3:!- II. I*, engine consumes **500 gm. of coal per hour, 

"hat piopnrlion of the coni is wasted ? The calorific value of coal is 

v| " h that 1 gm. of eoul rail convert 10 gm. of water at 100°C. into 
-le ;hi .it 100 t . 1 I II. P. = i KiX lit ergs, per see. and J=:4-*X10 7 

■ rgs. per ealorie ; latent heat of steam = 530). 

\. 0-9. 

0 V gas engine having an overall efficiency of *0 per cent, burns 

I-*"" " "f t-’i's per hour If the calorific \alue of the fuel is 

s,m R Tli. I per e. ft., find the II. 1*. of the engine. 

A 91 II. P. 

?. A steam engine burns Inn gm of coal per minute, the ealoritie 
Miluc of the eo;,l being (iniin calories per gin. The engine is used 
to turn a wheel around whi.fi pus M -s a rope which lifts a weight of 
14n kgm. I he "heel makes 30 revolutions per min. and its radius 

is 30 cm. Find the efficiency of the machine. 

A. 5-1*7. 

s. What is a Heat engine? Describe tlie construction and work¬ 
ing o| an e\i rnal lomlnistioii engine and derive an expression for its 
horsepower. (Raj. I'.—1953) 

!*• "hat is the essential difference between a steam engine and 
an oil engine (C/. E. P. l’._1950; C. U.—1948) 

Hi. 1 he < •mlmstioii of I |Hiund of coal results in the evolution 
of I l.iiuii Bn.'si, Thermal lints. What is the efficieney of a steam 
engine pumpm j'laiit w hich eon -.times *0 pounds of coal i>er hour lU.d 
rai-es each me. ill.- 20 moo pounds of water to a height of 1* feet ? 

A (Wife 




